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ABSTRACT 


Evidence has been accumulating in favour of the view that 
both local and general anesthetics block electrical excitability in a 
variety of tissues by inhibiting the specific increase of Nat conduct- 
ivity which normally follows depolarization of the membrane. The 
present investigation was initiated to further test this view using a 
wide variety of neurotropic compounds, capable of producing CNS 
depression and transmission block when injected locally. Isolated 
sartorius muscles of Rana pipiens were used to investigate the effects 
of chlorpromazine, promethazine, diphenhydramine, scopolamine, meper- 
idine, morphine, gamma-hydroxybutyrate and gamma-butyrolactone on 
certain features of the active muscle membrane, using extracellular 
electrode and intracellular microelectrode techniques. 

Studies with extracellular electrodes showed that applica- 
tion of all the aforementioned drugs decreased both the amplitude of 
the compound action potential and the excitability of the muscle 
fibres. A slow and only partial recovery of the fibres was seen 
following the treatment with chlorpromazine, promethazine and diphen- 
hydramine. However with rest of the drugs, the depressed responses 
were reversed to the control level when the preparation was returned 
to the Ringer's solution. 

Experiments with two microelectrodes inserted into the same 
fibre revealed that the depolarization required to initiate an action 


potential (threshold depolarization), and the amount of current needed 
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to produce this depolarization (threshold current) were increased by 
all the drugs used in this study. Effective membrane resistance, and 
the membrane time constant ive) were increased after the treatment 
with promethazine (5 x io g/ml), diphenhydramine, scopolamine and 
gamma-hydroxybutyrate (15 x io g/ml). However, exposure to chlor- 
promazine, promethazine (1 and 2.5 x 10% g/ml), morphine, meperidine, 
gamma-butyrolactone and low concentrations of gamma-hydroxybutyrate 
(5"and 10° = 10° g/ml) produced no appreciable change in Ae and in 

the effective membrane resistance. 

The maximum rate of rise and the overshoot of the action 
potential (used as a measure for inward sodium current) were decreased 
by all the drugs tested. Both these effects were antagonized by 
increasing the Nan concentration (from 114 to 171 mM) in the extra- 
cellular medium. The resting potential remained essentially unchanged 
in the drug-treated muscles. | 

The results obtained suggest that a large variety of central 
depressants block excitability of the frog's sartorius muscle by sup- 
pressing the specific increase of Na’ conductance accompanying the 
excitation of the membrane. It is suggested that the hypnosis pro- 
duced by all the drugs used in the present study may involve a mech- 
anism of action similar to that observed in skeletal muscle fibres. 

Gamma-aminobutyric acid (GABA) treatment also decreased the 
excitability of the fibres. Addition of excess ee into the bathing 
solution did not antagonize the effect of GABA, but rather produced 


a further depression in the rate of rise and the overshoot of the 
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spike. All these effects of GABA were duplicated by iso-osmolar 
concentrations of sucrose. These observations indicate a lack of 
anesthetic effect of GABA on the frog's sartorius muscle, and suggest 
that the GABA-induced depression of excitability is most likely due 
to the hyperosmotic effect of the bathing solution on the fibre 


membrane. 







selomeo-ort yd bstentiqub s14W ABAD to 2299230 sass TEA codtge 7 

io Abel & eteaibad arotisyrsado’ pest) = .Saotsue 16 enokse7InssA09 
Seeeque bas ,Sldseum eitiyotrse a'gos1 aid ao AGAD io ageray eS 
ois yisali f tacm et yoilidstioxe Ie sqtkbetdob haaeikeamae and rks 
srt? od oo naisitioe goritad sy to fon 1 ts si tomsoraqul a3 03, 


vi 


ACKNOWLEDGEMENTS 


I wish to take this opportunity to render my warmest 
thanks and appreciation to my supervisor, Dr. G. B. Frank, for his 
encouragement and able guidance throughout the course of this 
investigation. His patience and understanding has contributed 
much to the completion of this work. It has been a privilege and 
a pleasure to work under his direction. 

I would also like to express my gratitude to Dr. F. 
Inoue for his assistance unstintingly given, especially in setting 
up the electronic equipment. 

I wish to express my indebtedness to Dr. R. J. Reiff- 
enstein for his critical examination of the manuscript and helpful 
suggestions. 

I am deeply grateful to Mrs. Elizabeth Small who typed 
_ the text of this thesis. My thanks are also due to Mr. Fred 
Loeffler for making graphs and figures. 

Financial support from the Medical Research Council of 


Canada is gratefully acknowledged. 


2TYEMSOGS.TWORIOA 



















Jeomiew YH Yabeor of virus oggo ets sles of Hekw I — 
ek +02 ike 4.9 .10 ,toelvisee yw o3 aotze rsenqqe bos edandy ze 


eld to Seeds stit tuordguotds svaebitig oats bee Se9msega 10894 


bosodis3qe9 esr gakbnatevabau byries nonsieia ath .aolstagiiasvak 
baa “ioaiiees & need esd 31 .dtow eit. Xe notasiqnos ait oF ts 
.tottoextb etd asbow drow oF stuaaelg, . 

- 4 .1@ 63 sbuttisxg ym eediqxs on edtD osie bloow J . 
gniiiee ni vile tdeqee .isvig vyigatiotienu sompeselass eltl ror + 
Ey . nomqkups >thoxiaale oat 

-ai3ted .t ft 10-03 apoabesdebat ha SESTGKS OF ato i 3. 
tuteiei bits Jqiioaaticam edt 20 notisainsxs {sotsiy> ald ret * 
| — 

beqy? onw Lfem? dtodestfa .eiM'ot Ivisteay plgseb me TE” ing 

_ best .aM of oub odds o1s avlonsf wi jeteedts ekdd to ted & 


.aa7by bt bas adqeig gotten 202 1 


— 








te Liomod sinyeoest laotbsli oitno%t sJroqyue Eebornsntt ; 
| - -beghsiwomde ata 


Abstract Me 
Acknowledgements 
List of Tables 


List of Figures 


CHAPTER I. INTRODUCTION Air a a. 
THE IONIC BASIS OF ELECTRICAL ACTIVITY .. 
(A) General Comment = “ie 
(B) Ionic Inequalities a ws 
(C) The Resting Potential te , 
(D) Testing the Applicability of the Nernst 

Equation ee oe oe 
(E) Action Potential ire as 
(F) Propagated Action Potential ee. 
(G) Effect of External Sodium Concentration 

on the Action Potential .. sé 
(H) Subthreshold Activity and the Threshold 

for Excitation és ae 
(1) Limitations of the Sodium Hypothesis 

CHAPTER II. THE EFFECTS OF ANESTHETIC DRUGS ON THE 
PERMEABILITY CHARACTERISTICS OF EXCITABLE 
MEMBRANES aie ous 
(A) General Comment ae es 
(B) Cell Permeability Theory of Anesthesia 
(C) Monolayer Model Systems and the 

Anesthetic Action ive a: 
(D) The Effects of Anesthetics on the 


TABLE OF CONTENTS 


Electrical Properties of Excitable 
Cells oe <a ahs 


7 


Dg 


ZA 


22 


23 


26 


30 


aga be 


tiv 




















2TMATWOD AO SIaAT | 


9954 
bit , a. 
Iv : as 
bix a aye +. a a seideT to 
rfrix jah ie ee i | **, | 7% astug ht 29 
Be ts Liew: s — Morro uoR TT ae aT 
$ .. YYIVITOA JADIATOaIE 30, Alek QMOE gee an 
s09tii0):tateii (A) 

e - i | esltiieupsnt gimel (a) ; 
s = hi ie sdT {9) 

Santen sit to “3s os a oi gatiesT a) a 
a | x ; alae oa | = 
ff < + ré une s0%, dokdha, (3) a 
ef - Istinstet aoljoaA bavagayor® (H 


tiotisiinsono) mulbo? Isnzeg#s Te 198220" (a) 
of ee .» tetiqste9 aobI5A hae 


bilodas7dT ond bas yd tvttoa blodesadsdue- (H) 
‘! ‘3 i. 2 cokiestoaa toe” 


sentoqyn muboe Sd 30 eno Linsyihs wm 





TABLE OF CONTENTS -_ continued. 
Page 
(E) Statement of the Problem 33 
CHAPTER III. MATERIALS AND METHODS se as bie 
(A) Muscle Preparations as S 36 
(B) Solutions «4 ahs of 37 
(C) Drugs Used a y 38 39 
(D) Stimulating and Recording Procedures 40 
i) Extracellular Recording ae 40 
ii) Extracellular Stimlation and 
Intracellular Recording ae 42 
iii) Use of Two Intracellular 
Microelectrodes re ae 46 
(a) Electrodes ts ade 46 
(b) Recording System os 47 
CHAPTER IV. RESULTS ose ee os os 51 
(A) General Comments Se ey ee! 
(B) Definitions Be es “6 52 
(C) Chlorpromazine ee a 54 
i) Studies with Extracellular 
Stimulation ae a 54 
ii) Studies with Intracellular 
Electrodes 5 a8 58 
iii) Effect on Current-Voltage 
Relation fe ie Re 61 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential os 65 


iaialal 




























iriv 

Sgei 

EE - woldord ef? 16. txgnases2 (8) 

ae * ” econ avA éuAissTAM .1ID SaTSAHD 
ac an sis eaottersqe7d slonuM a 
te aes - a  aftottefee (a4 ong 
ee i. 1 Of, -> Peat geent €5) 

Op - asyubsoord gaibsoosa bas gobisLumrse (a) 

Oe ih githroo5k anfiulisoastxd (tf : 

bas soktelomtse talideseated Che i 
gp oa, gnibtooss winkiaoa ial 
rstullosstial. ow? To set (CIEE 

ay ‘a Oe esborsoalsoioin | 

an J .  _ eobersee fe) i 
. rs Se 

va 7m moteye gabbtoosk (d) . 

te - ’ =A -. -SRUeaa = VT 

se 5; > atasmmod Lexeasa (A) 

$2 a ¥ -« , Smokiiatied (a) a, 

ai i ie : 
de y i ontssuprgroidd . (9) 

tslivileostsxa diy eetbute Ck.  ) ms 
be a #1 AOLIBS ma EOB. a 
: fi 

oo siebE Laan sat Askw estbuse: (as “ 1 3 
Lae ig + eobordoasS . : 









oged Lov-anoxzua rt’ ‘tas2 : 
as ** in wf ph els: 






TABLE OF CONTENTS —- continued. 


(D) Promethazine ne nh 


i) Studies with Extracellular 
Stimulation wa 


ii) Studies with Intracellular 
Electrodes at 


iii) Effect on Current-Voltage 
Relation a os 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


(E) Diphenhydramine (Benadryl) 


i) Studies with Extracellular 
Stimulation a8 


ii) Studies with Intracellular 
Electrodes ae 


iii) Effect on the Current-Voltage 
Relation Se 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


(F) Scopolamine (Hyoscine) a 


i) Studies with Extracellular 
Stimulation ac 


ii) Studies with Intracellular 
Electrodes “e 


iii) Effect on the Current-Voltage 
Relation = oe 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


fis) 


77 


79 


84 


84 


86 


89 


89 


18) 


oe, 


= 4 


nls 





















¥t 
rile ph Ge 
-bsuatipoo - @TMTHOO YO SJGAT 
agai . > 
pas 7 " .. , ombeediemert (dq) ial 
i _ .ai | 
taluileonrixd dalw asthuse (2 
a ola Af nobis fumstsa 
telullessssaal Stile abibose (fi # 
ey a 7 é apboxdaela” 
Sgt oV=3n97100 fo tossaa (2th 
a Sa < oe) aotipiod 
16 stat munixeM od mo Jost3a (vk 
et -. dettasiol nor3oA $2 te oor ins | = 
a a Cis wibensh) anh na brea (3) ; Ty. 
i 54 * 
tet) ulTsos13xa daiw eotbuag (tf 
AB nd ave nots fumes | ; te 
i= t6ivilssseint daiw eskbyae CEE , + 
38 ar mh a asborj2ef4a = 
| oye tfoV-4tneT U0 aid mo 339928 (kt 
8 re be noijaiod 
to 53sd mumixeM sdt Ho 248970R Gel 
8 -_ [sijnstoY notjoA sis Yo SsBiA 
ee ay. oa (ontoeovit) soles Leqaoe _& Be 
welulissatax’ Adttw kokboe (x ” 
ze "te m4 nok seLumbse 
tsiullooettal ‘ahw Sotbuse (4! ween 
ve r “-* ** abbors5alu ; i \ a e - 





ia Babes age 3 20,3: 
t* ip em ae fC 


Pe: 
are 






TABLE OF CONTENTS - 


continued. 


(G) Meperidine (Demerol) a 
i) Studies with Extracellular 
Stimulation os 
ii) Studies with Intracellular 
Electrodes an 
iii) Effect on the Current-Voltage 
Relation ais ou 
iv) Effect on the Maximum Rate of 
Rise of the Action Potential 
(H) Morphine at ae 
i) Studies with Extracellular 
Stimulation At 
ii) Studies with Intracellular 
Electrodes . 8 
iii) Effect on the Current-Voltage 
Relation ata Poe 
iv) Effect on the Maximum Rate of 


Rise of the Action Potential 


(I) Gamma-Hydroxybutyrate As 


i) 


ii) 


iii) 


iv) 


Studies with Extracellular 
Stimulation as 


Studies with Intracellular 
Electrodes Rte 


Effect on the Current-Voltage 
Relation <% os 


Effect on the Maximum Rate of 
Rise of the Action Potential 


Page 


106 


106 


106 


110 


pike 


Hy. 


gay 


117 


122 


122 


128 


128 


128 


132 


134 


aged 
aor 


ao! 


d0L 


OFT 


; ope tloV{sheade eee 3os334 (tke 


38 ito V: ‘mis: sila a: 42a 
oe 
bs a 7 - nae . ; 7 a 7 ews 




















bsyatanes = | eran Yo 


(lovsmsi) sntbisagqaem (a) | , 


——* : 
telulfsecs1txd dakw esthuse (tf : . 
7% folie lumtse 
wiufissertal fidw aetbys2 (it we 


/ eaborsoels - 


9g6i3loV~tast19) si3 no Josiah (iti 
y | HOltslea = 


to-9384 mumixeM oft no 4os23% (ve 
[stjnsdod motjsA sdt to sake 


v | omisiqrol (#) 


Te lylts 281 0Ke dstiw eskbus2e (Lr 
we noktetumbte 


xe Lube: iet3ni hae gebbune (kt ok) 
~ asboriosla 24 
nolieiei = = ie 


to oj6A mumixeM ent od JosRaA. (wk 
[sitnsgo0% nolisA a2 3 Sele 


osenysudycoubytt amma (1) th) 


rwslollsosi3ea ditw, #Sibuse (t A 
vi. ane nokselumbse * “os 


inert da 





TABLE OF CONTENTS —- _ continued. 


(J) Gamma-butyrolactone vs 


i) Studies with Extracellular 
Stimulation 2. 


ii) Studies with Intracellular 
Electrodes “ug 


iii) Effect on the Current-Voltage 
Relation ae ate 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


(K) Gamma-aminobutyric Acid .. 


i) Studies with Extracellular 
Stimulation ate 


ii) Studies with Intracellular 
Electrodes ote 


iii) Effect on the Current-Voltage 
Relation a oe 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


(L) Sucrose ae a 


i) Studies with Extracellular 
Stimulation oe 


ii) Studies with Intracellular 
Electrodes * 


iii) Effect on the Current-Voltage 
Relation 5 oe 


iv) Effect on the Maximum Rate of 
Rise of the Action Potential 


CHAPTER V. DISCUSSION oe ee 
CHAPTER VI. SUMMARY AND CONCLUSIONS oe 


BIBLIOGRAPHY ee oe oe 


138 


141 


144 


148 


148 


150 


153 


155 


160 


160 


160 


165 


165 


b/d 


183 


187 


at 
























-beurizno> - 






sae" 
Ber — — snedoklorysied-sanmsd 
tslulfesetaxet dite weekbus? (i 
SEI a y aoksedugtse aan 
wsiuilscsisnl datw asthude (2 ~ a 
Ef as + asbottoala a | 
sgsdloV-insawo ofa. mo. $0993 “(bkt 
ray sk ee am .. . Motialish 
to S3a4 munixeM sid se 350989 (vi 
vi letinot09 adiinA ddd 20 salt q 
bal  E .. BISA 3 ty yiudombns—ametie® (x) ? 
a wlul los 613xE ftw ssbbpge™~ (fF 
Sel a ons notte Lumts2 
; 16 ful fs- siinI diiw eaabhes2 (2k 
Oel 44 5. v if asbousoalg 
: *), 
es ocho -snesrnts 93 a0 958333 (htt i 
eel re tu sae noi safer : 
a io 9368 oumixeM sia go tos72a (vt \ =a 
cel a Isttes309 neksoA oid lo sole | 77 
Oot 7 % at seoxdue iD | 
wiloelisssy3x4d- diitw aa ibaoe ae 3 Ss 
Vol oe in s; | sobsalonit32 = 
teil loon tsat cant ebtbnse tee a 
Gof oe pe a Papp - ; 
; Ss _ mane ie-asetu9 ed no Aneta Chie 





; 4 a Be 
“ a ‘ " lap) oe oe 
fi , M4 et go Joeisd 
eae é ey oe om 2 Ba Le 


whee 





wv, 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


TABLE 


ne 3 


EELS 


IV. 


VEE. 


VEEL. 


EX 


LIST OF TABLES 


Effects of Chlorpromazine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres oh 


Effects of Promethazine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres ana 


Effects of Diphenhydramine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres “% 


Effects of Scopolamine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres 7% 


Effects of Meperidine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres oe 


Effects of Morphine on the 
Electrical Properties of Frog's 
Sartorius Muscle Fibres of 


Effects of Gamma-hydroxybutyrate on 
the Electrical Properties of Frog's 
Sartorius Muscle Fibres ole 


Effects of Gamma-butyrolactone on 
the Electrical Properties of Frog's 
Sartorius Muscle Fibres vee 


Effects of Gamma-aminobutyric Acid 
on the Electrical Properties of 
Frog's Sartorius Muscle Fibres 


Effects of Hypertonic Solutions of 
Sucrose on the Electrical Properties 
of Frog's Sartorius Muscle Fibres 


Page 


60 


76 


87 


of 


109 


big 


130 


142 


151 


162 


raise 


tix 




















Pd 


: 


SAT 4O Talld 


ay 
sity co sntsamotqreidd to edostv o> 
e'sord: tk zalgisgort laottsoola 
ian S mdi siosut evivosvsa2e - 
svig atesdtanoy & stoatia II 
a” ywtgssyorT Isotaissela 
a’ ° - gore st of -M avkyedrs2 
2fiw MW mings wy BF | , At pe) agosiig III 
e‘vord 2o estireqord: Iso lstoely 
sordid aloew eulktotdis2 = 
sit 20 sas siete da jo atoet2g VI 
2° gor to astireaqoT? lesizgoela. 
v fe: - esxsd li sioauM aslryoj1e22 
sat no sn ibixeqal 30 atoeI?2te WV 
a’yoTl lo esks16qoxd isoktto6la ; 
eOL a an es1dtt slyeuM eutros1ae 


3 no sHkdqyoM to ato ati -IV 
a 
' i 20. aefareqgeTd lasixztos ig 

ae a Be estdli sisewM aulrod32B2 


ao eteTyIJudyxoTbyd-sameo to 2398233 «TIV 
ri to asiizaqorg laoitsoely. end 


Us “e in esydit sinauM apirodvyee 


No esos ;eloxyiud~ammneg to eJo03%a -IDIV Site 


a 307% to asltyvagoxd [ego lstoeid ata r 
OAr vue = : 
=i ihe 7 251d LF sloeuM sutvosase’” roe 
. % 4 ef ‘ = 






bioA otaysudortits-smas0 20 #355999 xI 

; jo settiiaqety Igotraoeis siz a 
<1 - . avidl aioeum le eat a’ sort 
rail: 
2 BAOtIUi G2 diapaxaqyto es9sta 
r3¢ gout iso i30gi5 we, 


ahi m0 eo ue ’ 
ee aptios BG. 8 eet Ae, - 
ng hi : 
































—"Ba 
iy 

te 
Wo a 


_ 


Figure 1 
Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
Figure 7 
Figure 8 
Figure 9 
Figure 10 
Figure 11 


LIST OF FIGURES 


Diagram of Electrode Assembly and 
Muscle Chamber used for Testing the 
Strips of Frog's Sartorius Muscle Bi 


Diagrammatic Illustration of Muscle 
Bath and the Electrophysiologic 
Apparatus used for Extracellular 
Stimulation and Intracellular Recording 


A Standard Calibration Curve used for 
Calculating the Maximum Rate of Rise 
of the Action Potential ae ene 


Arrangement of Electrodes for Intra- 
cellular Stimulating and Recording ae 


Effects of Chlorpromazine on the 
Maximum Size of the Compound Action 
Potential and on the Excitability of 
Frog's Sartorius Muscle os ae 


Effect of Chlorpromazine on the 
Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres ae oe ae 


Effects of Chlorpromazine Treatment 
on the Current-Voltage Relation of 
Frog's Sartorius Muscle Fibres as 


Effect of Chlorpromazine on the 
Maximum Rate of Rise of the Action 
Potentials sae site Sr 


Effect of Extracellular Sodium 
Concentration and of Chlorpromazine 

on the Maximum Rate of Rise of the 
Action Potentials a oe 


Effect of Chlorpromazine on the 
Overshoot of the Action Potentials ‘8 


Effects of Promethazine on the 

Maximum Size of the Compound Action 
Potential and on the Excitability 

of Frog's Sartorius Muscle dhe 


Page 


41 


43 


45 


49 


56 


29 


63 


67 


68 


70 


72 


p aa ta i 
























aiguery FIO Ter Sh: 


hom oo Tuy sh shotseel to ase reald rs 
3143 untiesT ret beav yedesdD sloaukt 


r 


L~ vo. sfsauli euivotis® a’ gorda to agqiazd 


sloeuM to nolisrtauvlt! ottemmetpeald ws 
>FgoLloteyilqotsosia sls bap djea 
[son 13x39 YO? beeu, ee 
cf satbroess slullecst3al bas notisiwunks 
10} bseu syx0: ooljaxtified brsbasde A ‘9. t 
9alH to Stef muomixaM of? gatvetooied 
- “+ . :. [sttneted terjoA sd To 


~“BiinI 102 esborIssis jo 3n8ms8gnettA is r) 
| ». gobbroosd bos goltielurie s6lelisa 
. t ho’ q3 d 3 i292) sa é 
o> | A 38 2 mixeah - ’ 
i : a titds ’ SA Le in4atoaT 
oc ae : cin .7-_Qel J aur yovIA : s'gox% 


sii ao sotsamoaqroldd to ston Vig a 
10b39A bobaoaak virslulfessersel 
pulyoj1s@ e"gord mort) eisiaosse4 
ve 7 oy se 25yULY ofoae = 


FeansiesrT onisehorwgtot id. to exsoskia . 
to rtoissishH sygstloV-Jasirau) 9d3 co 
£0 Sr dth Slogm evitosse a*g07% 


— —— i 

sii no snisemoergroliD Jo doetse ~; 

notjoA sit. 20, Seif To steh mumixe # 

ao aa oth aletizesed 
















nbkbow 1sluligopaixd 20 359234 
onisemotqroldd 30 baa ooliesIneonad 
sid he igen Lie toyshcaenil ada no | 
7) ee, iW .. £58309 aGtIoA 







Ne "2 a 
? > saisy sid Ox cs pl 9 Yo 


‘ 
Dot 
not af Di, 





LIST OF FIGURES 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


12 


Is 


14 


ie 


16 


12 


18 


19 


20 


yan 


as 


- continued. 


Effects of Promethazine on the 
Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres oe ss . 


Effects of Promethazine Treatment 
on the Current-Voltage Relation 


of Frog's Sartorius Muscle Fibres : 


Effect of Promethazine on the 
Maximum Rate of Rise of the Action 


Potentials ake <. : 


Effect of Extracellular Sodium 
Concentration and of Promethazine 
on the Maximum Rate of Rise of 


the Action Potentials ae See 


Effect of Promethazine on the 
Overshoot of the Action Potentials A 


Effects of Diphenhydramine on the 
Maximum Size of the Compound Action 
Potential and on the Excitability 
of Frog's Sartorius Muscle 


Effect of Diphenhydramine on the 
Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres se uu 


Effects of Diphenhydramine Treatment 
on the Current-Voltage Relation of 
Frog's Sartorius Muscle Fibres 


Effect of Diphenhydramine on the 
Maximum Rate of Rise of the Action 
Potentials ae aa 5 


Effect of Extracellular Sodium 
Concentration and of Diphenhydramine 
on the Maximum Rate of Rise of the 
Action Potentials a. ° 


Effect of Diphenhydramine on the 
Overshoot of the Action Potentials : 


Page 


75 


78 


81 


82 


83 


85 


88 


90 


o4 


92 


94 


xiv 





ae! 
ie ra | 


a A, 
rah eke 
-bsunitnoa -<- aaavort 40 Tera 


v tx 




















aya I 
si no satssdismord to sjoszia =. SI stay 
wor? bebtoosti yiealyi feos rial ; 
a 
eultosis? ea’ gort worl aletinasijog = 
at : " — 
c\ je . ** asia} I 


sloeum 


dod i uissdtesnoxrt to atostie _ EL stus 
, [ei aghdtfoeV-imertod sity no , ? 
“- a : ay } & wl Tec 4 : a0 q Yo 


i} oo sirrissnl ys 1% Jo t5o8379 ae ot 
iorjcA sos io seie 16 sie monkeeM 
si Wa ‘giletsiasto% 


[sanTIxd 2o 3982332 oe éf 
misstismesT te base cal I41 Inesn5o 


¥ to stox aumixal ed no 
is alelinsso% sotdueA sad s 


< 
dd: ‘ it ifs 196739 oe. oI s 
elsijasiol nusijoA srt To tooiigiev6 
a 
fO~ Sse To ty j ra to a 7 ta ** NI 
TO A F ) .4tha os Tihs xem 
Lidedivowd - Sot do baa isitessod 


7 J P >» *¥ a. a 
ms ¥icoauM eubyesied e sand Yo 


no sofmarbyAasidiG to 499328 .. 6L st 


OoftoA bebteost virefol fssas701 = 
4 re 3 i —=¢ 


vitotyes e' sox14 mori eis itsasasgog _ 


joseiee7T soimstbydiedgid 20 2350838 . psa: 
' “ Ve» 4 ? 
to noljseish sys hol~tasitisO sig Bp 





Ov ah esrdit of50uM aykiotreb 


1 





‘Sort : 


Te 






ofa: no solmerbytinetighG 46 tos2aR = .. 
foLj3A4 si3 to oaii Jo sJei aumixeM ._ 
** — : a elabins30F ay a 
arr an i 2 
—_ ; ' 






LIST OF FIGURES 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


> fe 


24 


25 


26 


7a) 


28 


PL 


30 


Spl 


BPs 


Si) 


- continued. 


Effects of Scopolamine on the 

Maximum Size of the Compound Action 
Potential and on the Excitability 

of Frog's Sartorius Muscle - ah 


Effect of Scopolamine on the 
Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres ett ig us 


Effects of Scopolamine Treatment 
on the Current-Voltage Relation of 
Frog's Sartorius Muscle Fibres 


Effect of Scopolamine on the Maximum 
Rate of Rise of the Action Potentials. 


Effect of Extracellular Sodium 
Concentration and of Scopolamine on 
the Maximum Rate of Rise of the 

Action Potentials ra ae 


Effect of Scopolamine on the Overshoot 
of the Action Potentials Ar os 


Effects of Meperidine on the Maximum 
Size of the Compound Action Potential 
and on the Excitability of Frog's 
Sartorius Muscle rs ee 


Effect of Meperidine on the Intra- 
cellularly Recorded Action Potentials 
from Frog's Sartorius Muscle Fibres .. 


Effects of Meperidine Treatment on 
the Current-Voltage Relation of Frog's 
Sartorius Muscle Fibres os ie 


Effect of Meperidine on the Maximum 
Rate of Rise of the Action Potentials. 


Effect of Extracellular Sodium, Con- 
centration and of Meperidine on the 
Maximum Rate of Rise of the Action 
Potentials ys ty ee 


Page 


96 


98 


101 


102 


103 


105 


107 


108 


112 


113 


114 



























mk) 
.bountagos - amor 0 Tee 


c » 

~ =_—~ - a 

aij oo suimelogoose to agssiaa oe €s etugli 

sotj30A bavodmodD ald to ssk2 siaibenM - 
Yiilidssioxd sit no bus Jersusges 


‘ 6 ‘ me 
as Lo2umM eUtiotiss 2 go7d to 


ai3 «0 spkapfogds? io g2888e (OE org. i 

: notdoA bobpones.yitalol [sseggas 
auirojiae & sore mos. ala ijygsjod 
, rey Ut i; eetdid osloauw 


ia 90 solmploqgoue 3p Jaeiaa : 
107 notivA sd? to szakf to saasl 


~ 


mubioc 18leliscsa3*d 30 goeR2M =... Ss 
7O SolmeTaqane t6 bas notjsyvigesnod 
dj io ssi to @98h muateeM sd. 
€0i ~~ eistinegsod aoktoA 


— . 
it oo soimelogos2? to 298988. .. 
s tinsto4 AOLIDA 353 ie : 


wrtxeM si3 no sothisgsM jo efoe73a8 .«. e@& 
lsiinsioq noltsA bavogmod sft io eske i 
2 gotl to yviliidsiiokxa sui no bose 


Vl ee : ¥ ts eum anlirvodve? - 5 : 


: sf3 no snkbi i scaM. te joslig #e of oD 2 q 
alstingjoT notsoA bshyessd ylisipiian ,.. 


Sul .+ 897 i SloauM aevuizvosiee a’ gor aor 
Fi dia 








iT : no Insmisout salbiasqeM: io sfoo tty eo 
@'so0t! io noliaisz 5¢841oV-sne71709, atta 
Sit eoxrd kd ok sett eubrrodye2 









mumixs Sit mo onlb 184 Dre 
meres ots oh eens eit 
ai ; Pas 





LIST OF FIGURES 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


34 


35 


36 


oY) 


38 


39 


40 


41 


42 


43 


44 


- continued. 


Effect of Meperidine on the Overshoot 


of the Action Potential es 


Effects of Morphine on the Maximum 


Size of the Compound Action Potential 


and on the Excitability of Frog's 
Sartorius Muscle os 


Effect of Morphine on the Intra- 


cellularly Recorded Action Potentials 


from Frog's Sartorius Muscle Fibres 


Effects of Morphine Treatment on 


the Current-Voltage Relation of Frog's 


Sartorius Muscle Fibres 7 


Effect of Morphine on the Maximum 


Rate of Rise of the Action Potentials. 


Effect of Extracellular Sodium Con- 
centration and of Morphine on the 
Maximum Rate of Rise of the Action 
Potentials ate 2s 


Effect of Morphine on the Overshoot 
of the Action Potentials are 


Effects of Gamma-hydroxybutyrate on 
the Maximum Size of the Compound 
Action Potential and on the Excit- 
ability of Frog's Sartorius Muscle 


Effect of Gamma-hydroxybutyrate on 
the Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres om le 


Effects of Gamma-hydroxybutyrate 
Treatment on the Current-Voltage 
Relation of Frog's Sartorius Muscle 
Fibres =e = 


Effect of Gamma-hydroxybutyrate on 


the Maximum Rate of Rise of the Action 


Potentials =f Te 


118 


12. 


123 


12> 


126 


Tey, 


129 


131 


133 


isa 


tve F 3 

































beuntzuon = 3 


} 
> 


: ¢ ? » 
jobdessv0 sh? No Sakbiwsqed 16 goszIe. «. 


olf oc aa [sijnstof nottvoaA sid Io 
v 
muntxeM O73 ao sifdgwo to alosTRd lf. 66SEC 
Istsas3o% motto4 botegmed od to sate > = 
a'govl ts yiabitds@ioaeza eda no bas _ vn 
if ye ong gfnguMt euiyoisaz ie 
: U 
Bajnl sd3 wd Ssatiqvat io Salas ale 
feiinsjo® noljoA bsbr0san yisaetwvifes 


RgTrdt wM eulbzotree a! gord mord 


i J > P a 
no tusmdeorTT onitgadt Yo etoe 32d os ve s 
ord Yo norttap let seas loY-sie raw snd 


zasdit siseuM sulrrodyee 


mun tick is no saidqteM te Sost?a .. BE ox Wy 
4n8Io8 “naires it to sek Yo siall 


tod mtb fullsssasea 30 Jost3e 64. |6|6RE CO 

eid. oto scldqro! te bag noljessaso 

o A aij +0 Setd 20 S388 jum txeM & 
ay geist insio g 


‘ies fo soi itezoM ¥o 30235 =. 
Binttos3o9 aotjoA ari2 ia. 


re siviudyxortbyd-semno 20 ssoe zen a. bb a7 

bnvogmed Sif to sSté miekeam erg 

-~Jioxnd sia no boe isttasseo geraaa 

* sloeuM adi tosTBs a'goxd ‘26 waiikds 
— > j 

0 sJatytudyrorbyd+smmed 36, fosaad y. 

nettsA bebxor 9 vivelul leo: stgnl ‘ods 

aulioira? e 'got% mors eis b3ai9 309% 

7 mi ee, BSrdLT eloautt 






{Ef 










938 viudyxo. (hyde atatiet) 26 egpoiia d o 
senatoy- JuesIUo 9 93 ‘no. 2 pr ae 
ous hier gpg + a'goxd 3 


i aie 





LIST OF FIGURES 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


45 


46 


47 


48 


49 


50 


op 


ny 


23 


54 


55 


- continued. 


Effect of Extracellular Sodium Con- 
centration and of Gamma-hydroxybutyrate 
on the Maximum Rate of Rise of the 
Action Potentials as one 


Effect of Gamma-hydroxybutyrate on the 
Overshoot of the Action Potentials 


Effects of Gamma-butyrolactone on the 
Maximum Size of the Compound Action 
Potential and on the Excitability of 
Frog's Sartorius Muscle Fibres 


Effect of Gamma-butyrolactone on the 


Intracellularly Recorded Action Potentials 


from Frog's Sartorius Muscle Fibres .. 


Effects of Gamma-butyrolactone Treatment 


on the Current-Voltage Relation of Frog's 


Sartorius Muscle Fibres he ae 


Effect of Gamma-butyrolactone on the 
Maximum Rate of Rise of the Action 
Potentials oi A Ke 


Effect of Extracellular Sodium Concen- 
tration and of Gamma-butyrolactone on 

the Maximum Rate of Rise of the Action 
Potentials ets a a 


Effect of Gamma—butyrolactone on the 
Overshoot of the Action Potentials 


Effects of Gamma-aminobutyric Acid 

on the Maximum Size of the Compound 
Action Potential and on the Excitability 
of Frog's Sartorius Muscle as 


Effect of Gamma-aminobutyric Acid on 
the Intracellularly Recorded Action 
Potentials from Frog's Sartorius 
Muscle Fibres Sie sé = 


Effects of Gamma-aminobutyric Acid 
Treatment on the Current-Voltage 
Relation of Frog's Sartorius Muscle 
Fibres e< «s os 


Page 


136 


137 


139 


140 


143 


145 


146 


147 


149 


E32 


154 


xvii 


Live 































-bauatines - @aaNoIt IO 


‘ : / ws « 
~c00 mulbu2. talulbesaspaa to tosTae =... | GA onl. 
stetviudvaoitbyit-samed jo “bas abiissaas> , =a 
sit ho [i io Ss¢ad mumixeM sad no ew 
off 5! - ela tindeio4 nokIoA y = 


. 
ait no sisTytudviot ef-s to 295779 ++ oe oraght 
” eIatsmesed notioA Sad to shia aad [ aia 
: a vg 
Stid no. sit for syaepess) 10 ndooyan oé Va aug 
tOLIDA | moo Say to sst¢ ign boca 7 
to vallldsiloxS sit co bos [ekonszet =. 7 
Mt did Sloat autrosrs? e'gora 


of4 fo fouytud-smmd Ye joo79T .. BAS 
zigslinsso4 | 35A bebicosed virsivifesstial ; os 
‘J .. eerdit sloauM auttos7ee ea gott mom? : é 


inoemtestT sttotosioryvied-somse To ejootid ss CA oF 
a'so1d to noltels# sysaloVe-Seet7e9 sad go 7's 
. es -.  agidid sfoed aubtotiad 


1 


si no stotjoslorysod—ammsp Jo 2403830 «=... 
oftoA eda to gal Yo sisi mumixaéM 
6m ; - efatsnsapd 


o709 mutboe rsfulfass73xo 26. Joetaa be 
snojos{lotyiud-smmso ic has woltetd 
mokicA sft Yo seth 10 saan mimigeM eda : 

ant ts cs re alstonesoeo 


9u3 no sno3os lLo1yJud—-BAmeDd 6 gosiia ‘a LN ol 
rAd .. Biletsastot mobIoA sht Qo ROSS. ve . 


et LIVI MIO Aisa abe iq ere * be E 

bonuomo) sit 6 9sic muon docest ad 10 ; 
yiilidssioxd od¢ no bne Ie ksasdot aodsoA 

est es ein eum euizodane e! ger ‘i 

M. : 

ao biok aia xsubonbmie Bama 0 

. | : 


LIST OF FIGURES 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


56 


ay) 


58 


oe, 


60 


61 


62 


63 


64 


e 


- continued. 


Effect of Gamma-aminobutyric Acid on 
the Maximum Rate of Rise of the Action 
Potentials aie Aa a 


Effect of Extracellular Sodium Concen- 
tration and of Gamma-aminobutyric Acid 
on the Maximum Rate of Rise of the 

Action Potentials aoe oie 


Effect of Gamma-aminobutyric Acid on 
the Overshoot of the Action Potentials. 


Effects of Hypertonic Sucrose Solutions 
on the Maximum Size of the Compound 
Action Potential and on the Excitability 
of Frog's Sartorius Muscles ws 


Effect of Hypertonic Solutions of 

Sucrose on the Intracellularly Recorded 
Action Potentials from Frog's Sartorius 
Muscle Fibres as a we 


Effects of Sucrose Treatment on the 
Current-Voltage Relation of Frog's 
Sartorius Muscle Fibres Ae 


Effect of Hypertonic Sucrose Solutions 
on the Maximum Rate of Rise of the 
Action Potentials aye ae 


Effect of Extracellular Sodium Concen- 
tration and of Sucrose on the Maximum 
Rate of Rise of the Action Potentials. 


Effect of Hypertonic Solutions of 
Sucrose on the Overshoot of the Action 
Potentials ae Are wie 


Page 


156 


157 


13 


161 


164 


166 


167 


169 


170 


xviii 





‘ u _ = - we eile 
‘Seunfsdos +  BaIUD 40 TRI 
aad 

































no bioA cfsysudoeime-wmmsd Go dos2tS  .. 
nekink etd io Sata io ste cumixaM sdi 


a f a  .gletsnes0F <a 
| ‘i 6 or 


valvifse»si1sxa to toatig ** se : 
DIXA aes voi iie-Aniiae to ban dol Rava e art 

a7 16 Serh Fo aani nuinixeM sf2 no ~ \,% 
i : efetinso% folascd 


? 


fo-bios vbayviudortas=-pmmad to doei}a ae 
-eieisos ioFT ootjoA edd to sosoHtarsv) edt 


endizulos saoroue athos isqv to ato823a 8... | «Ot mf 
1? Ie a2 10 o8ied nimipaM sd oo 
yiilidetioxd of? ne bos Lekgasted nefioé 
louuM eutvasisne e!goxt Yo 


“H Io s99777. .. O68 
no saoxsue 
eio7% molisa 
adit sisew 


is 
r s ee. 


iWistIeaiT s203D5uUe to atoott es 
ti to notislo# sae 2koV-snexrud 
asidit sivek eulzoszee 


tjJgcloe soa soud sina raqyH Ba) 3592373 .*. 
913 io said jo S38 mumizeM ed3 Ao 
— r t 
tol a 2isitnetioy mobgaéA 


“sone mutbee teiullsos1Izgd jo ¥ 99930 +. 
wakxeM slid ao 9 2o29be 30. bas noite” - 
Ls. I09896%9. neragoA sda 10 sali: jo Pert | ry 

1 a ; 

S to anotsuloe otaodaoqvi 3a toe?2 a ee. Aa 

nokicéA stig te Joodezavo sii m0 Seoroue ad sk 


* _* * ei ** f] q alukinaiot 


e al 









iM = 













7 
; ’ 

yf 

- CHAPTER 1 
ia" 
TO 
INTRODUCT LS 
My Wife, Harindar 


My Daughter, Parneet 


and My Son, Harkerat. 





OT ‘ 


tsbaiiveH ,SiiWoy ‘ 
| = hh. = t 


—— 


Jstodtal no8 aM bis: . : 


tn, : 
et 
fl , 
. 
te 
»: 7 
’ pat 
a 3 ; 
‘ 
. 
* 
we tees 
mrmiaAnTw 7 ~ WAL terT 
Let bien »* 4 - 4 +. ‘ ‘ 
7 ord 
: —, sere ey ” fiat a ' ! 
ieee es" ‘ real brs 2 r p> Fe : ay ‘ . 
4 
’ 
« ‘ i» 
A ‘ metas * 
oa oo — - 
rd 
. » 
- fon om et ' 
s J 
‘ 4 ™ - ® - 
r ; ; 
with | ris ) .- i S ‘ 
} a re ’ 
1B¢ € wm if cee Uy ‘ 4 ‘ 
7 > | a - a. 
es ~2."4 © c 
- P , ?, 








been amply ‘ ‘ning é dur "CHAPTER I 


INTRODUCT LON 


leas gues (He dgiiny ssi. 
. wer > 7 


,eour 


: 3958). ht sow provides @ remarkable pape hich atce 























. ~- _ i. ¢ af 7 vo 
itat ively for the spike to equt 4 ghant axos 
es 2 vent ee | 

‘ | 


—— + 4 
La 


nveral > i 


ra 
Ree 


a J 
7 





1 AST SABO 


_ WoL ToUAOR TAT 


CHAPTER I. INTRODUCTION 


THE IONIC BASIS OF ELECTRICAL ACTIVITY 


(A) General Comment: 

The ionic, or membrane theory of bioelectricity originated 
with Bernstein's attempt (1902) to account for the negativity inside 
muscle and nerve cells relative to their outside. This explanation 
of the resting potential was based on the then recently developed 
theory of semi-permeable membranes and is no longer acceptable in 
total. However, Bernstein also contributed a suggestion which has 
been amply verified during the past three decades; that the living 
membranes can change their permeability characteristics when excited 
by a stimulus. Thus he was able to regard the electrogenic responses 
of all excitable cells, namely nerves, muscles, sensory and electric 
organs and glands, as changes of the membrane potential from its 
resting state. These changes can be depolarizing or hyperpolarizing 
in sign, but the former, particularly those which result in an all- 
or-none action potential or spike, are the more prominent and have 
been studied the most. 

The ionic theory has been very much amplified and improved 
largely through the work of Hodgkin and colleagues (Hodgkin, 1951, 
1958). It now provides a remarkable coherent theory which accounts 
quantitatively for the spike in squid giant axons and to a large 


degree in several types of nerve and muscle cells. 
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(B) Ionic Inequalities: 


The ionic theory is based on the fact that the electrolyte 
composition of the extracellular fluid differs markedly from that of 
its internal milieu (MaCallum, 1905). As for example, the Na’ concen- 
tration inside the frog sartorius muscle is about 15 mM, while in the 
interstitial fluid it is 110 mM. The Kr concentration on the other 
hand is relatively low in the external medium (2.6 mM), and high inside 
the cell (125 mM). The Cl concentration is 1.2 mM and 77 mM inside 
and outside respectively (Hodgkin, 1951). As a general rule, the 
interior is some 10 to 100 times richer in al and about 10 times 
poorer in Naw (Grundfest, 1961). 

Besides the chemical gradient there also exists an electrical 
gradient across the cell membrane, with the interior of the cell being 
negative with respect to the outside. Although these gradients occur 
across the cell membrane, yet the membrane does not maintain this 
electro-chemical gradient by simply being impermeable to the ions 
involved. The ions tend to leak under the influence of their elect- 
rical and concentration gradients, but the so-called active Na‘- 
transport process (or simply the Wa’ pump") located in the membrane 
ejects Na’ outward against its electro-chemical gradient and in 
exchange takes up ae In so doing, the active Napeocen utilizes some 
of the metabolic energy of the cell (Ussing, 1949). Adenosine tri- 
phosphate (ATP) has been shown as a source of energy for the Na’-pump 


(Caldwell, 1960). 
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(C) The Resting Potential: 

The resting plasma membrane is sparingly permeable to 
sodium ions and freely permeable to potassium and chloride ions, 
which exchange across it solely by diffusion. Since the interior of 
the cell contains a large quantity of non-diffusable anions (A), KT 
and Cl are distributed very unequally under the conditions of Donnan 
equilibrium (Boyle and Conway, 1941; Conway, 1946, 1947). The 
internal potassium concentration is approximately 20 to 50 times 


higher than in the external fluid, while an inverse relationship 


holds for chloride distribution as shown by the following equation. 


(K),; (Cl). 
—— = = 20 to 50 (1) 
(K) 5 (C1), 





where (K), and (K) are the concentrations of potassium ions respect- 
ively inside and outside and similarly for chloride ions (Eccles, 1953). 
The transmembrane potential arises because the membrane is much more 
permeable to ri than it is to Na’ and because the Nal kinase main- 
tains the internal Na’ concentration at a low value. a would diffuse 
out of the cell faster than Na‘ would diffuse into it if there were 

no membrane potential, Kk diffusing out must leave the non-permeating 
anion Cis) behind and thus the membrane would become electrically 
polarized, inside negative (Woodbury, 1965). The chemical nature of 
the intracellular anions has not been completely elucidated. However, 
Conway (1950) is of the opinion that in the muscle the negative 


charges are supplied largely by the organic phosphates and amino 
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acids. In the case of squid giant axon it is maintained that a large 
quantity of non-diffusable anions is provided by isethionate which is 
present in a concentration of 270 mM; in other nerve fibres, glutamic 
and aspartic acids have been reported in substantial quantities (Katz, 
1966). 

In nerve and skeletal muscle, the resting potential closely 


+ 
corresponds to the K equilibrium potential, E and the magnitude of 


Re 
the potential can be expressed by the Nernst equation (Hodgkin and 


Huxley, 1952), 





(2) 


where R is the gas constant, T is the absolute temperature, Z is the 
valency of the ion, and F is the Faraday's constant, 96,500 inter- 
national coulombs. When Z is unity, and the temperature is 20°C, the 


formula becomes: 


E Gn vmV)e = =58 logig (K) 5 


K 
©), 





(3) 


Thus for a Donnan ratio of 20 to 50 it would be predicted that the 
outside would be 75 to 100 mV positive to the inside. Such a potential 
compensates for the concentration gradient so that the electro-chemical 
gradient for potassium or chloride ions is virtually zero, i.e. no work 
is done if a small quantity of a or cl is transferred in either dir- 
ection across the membrane, or alternately, if the concentration (or 


more precisely the activity) of Kt is say fifty times greater inside 
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than outside, Kt will bombard the membrane fifty times more intensely 
on the inside; hence a potential difference (about 100 mV) across the 
membrane is necessary in order to equalize the inward and outward 
potassium fluxes. If the potential is less than this value, there 
will be an excess outward flux of potassium ions each carrying a 
charge, until the equilibrium potential is attained, and vice versa 
if the potential is greater than the equilibrium value (Eccles, 1953). 
Conway (1957) pointed out that the Nernst equation should 
hold for the "balanced state" or condition of zero net flux. When we 
substitute in this equation the ra concentrations of fibre water in 
freshly dissected frog sartorius muscles, (K) | > and that of normal 
Ringer's fluid (with composition similar to that of frog plasma), the 
calculated KT -equilibrium potential is about 100 mV. However, the 
injury potential measured in this fluid was less than 60 ay and the 
difference between observed and theoretical potentials was attributed 
to short-circuiting around the electrodes and to the poor condition 


of the tissue. 


(D) Testing the Applicability of the Nernst Equation: 


Ling and Gerard (1949), using a micro-capillary filled 
by 3M KCl found a resting membrane potential of 97.6 + 5.7 mV for 
frog sartorius muscle fibres immersed in normal Ringer's pa eh ees 
This recorded membrane potential agrees quite closely with the cal- 


culated potential. Equipped with the useful microelectrode technique, 
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the next step in determining whether the resting potential of nerve 
and muscle was a potassium diffusion potential was to vary some ofeathe 
parameters in Nernst equation and compare the measured and calculated 
potentials under these conditions. For example, if the Kr concentra- 
tion gradient across the cell membrane is kept constant the observed 
membrane potential should, according to the equation, be proportional 
to the absolute temperature. This was found to be the case by Ling 
and Woodbury (1949) who obtained a Qo of 1.033 for muscle over the 
temperature range of 4-30°C. With the same preparation Jenerick and 
Gerard (1953) found a value of 1.05, indicating also that the potential 
was generated by a purely physico-chemical as distinct from enzymatic 
process. In the latter case Q10 values of 3 or more might be expected. 
The membrane potential of resting nerve and muscle has also 
been measured in relation to changes in the potassium concentrations 
of the cell fluid, (K) > and external bathing fluid. Consider the case 
in which (K), was kept constant and (K) | was varied: when (K) 5 was 
increased in the bathing medium in such a manner as to keep the 
product (K) 5 xX (Cl) | constant, no KCl entered the fibres and therefore 
(K) 5 did not change. The following equation would be expected to 


apply: 


2 i 
BE, = Ey + 58 logi, (4) 


———— 


®, 


where En is the measured potential following addition of potassium 


of concentration (K) 5 to the fluid bathing the tissue, and E, is the 
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K-equilibrium potential before the addition of re (Kernan, 1965). So 
taking into consideration the above equation, if one plots the measured 
membrane potential against the log, 9 of (K) o> a straight line with a 
slope of 58 mV for a tenfold change in (K) should be obtained. 

Boyle and Conway (1941), and Hodgkin and Horowicz (1959) 
along with others have confirmed the validity of the Nernst equation 
and have presented experimental evidence that in the skeletal muscle 
the resting membrane potential is a K-diffusion potential. Hodgkin 
and Horowicz (1959) kept the product (K) | x (Cl). constant by sub- 
stituting sucrose or sulphate for chloride in the Ringer's fluid, and 
they increased (K) in substitution for (Na) |. They obtained a 
straight line graph of EO plotted against (K) with a slope of 58 mV 
over the (K) range of 10-100 mM. The intracellular K concentration 
may also be kept constant where KT is substituted for Na’ fe the 
medium in the presence of an impermeable anion. Where this was done 
Equation 4 was found to apply over the (K) range of 5-100 mM (Kernan 
and Conway, 1955). 

A serious criticism has been raised against the hypothesis 
that the resting potential in muscle and nerve is a potassium diffusion 
potential. The membrane potential does not always respond to changes 
in the external Kr concentration. Although as indicated above, the 
Nernst equation applied very well at (K) | of 5 mM or more. At low ea 
concentrations the curve deviates widely from the predicted linear 
relationship. Hodgkin and Katz (1949) have shown that this deviation 


is to be expected because the excised tissues are not in the steady 
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state that would prevail in vivo, but are gaining Na’ and losing ale 
Further they showed that in such a non-steady state the resting 
membrane potential, Er, would be given approximately by an equation 
derived from the constant-field theory of Goldman (1943): 


ae Lene PL IKI, — PyalNal, ot Pa fel], 


Where [K],, [Na], and [Cl], are the activities (concentration x 
activity coefficients) of the ions inside the cell and [K] 5» [Na], 
and [Cl] are the activities of ions outside the cell; and Pee Pua 
and Pol are the permeability constants for the respective ions. 
When the assumed relative values for Pus Pua and Pol are used in 
plotting the curves, a good agreement with the observed potentials 
becomes quite apparent. Thus with high external potassium concent ra- 
tion the relationship approximates to the predictions made by the 
Nernst equation, but with low potassium concentrations the fraction 
of the potential attributable to the sodium and chloride ions domin- 
ates the contribution by the potassium ions, and, with potassium con- 
centrations lower than that normally obtaining in vivo, the observa- 
tions deviate widely from prediction. 

in vivo measurements of resting potential were made by Moore 
and Cole (1960) in the giant nerve axon of the squid. They found a 
value of 77 mV which was close to the K-equilibrium potential. The 
potential was also measured in mammalian muscle in vivo (Bennett et 


al., 1954), where the value found was 99.8 + 0.19 mV. Here surpris- 


ingly the calculated potential was only 95 mV, and the difference was 
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attributed to the activity of an electrogenic Na‘-pump. It is possible 
that here (K) was underestimated when given a value of 140 mEq/L fibre 
water (Hastings and Eichelberger, 1937). Kernan (1965) points out that 
a more reasonable value for dog muscle would seem to be 160 mEq/L, 
which would give an Ey value of 97.5 mV, this being not significantly 
different from that measured. It may therefore be concluded that as 
one approaches in vivo conditions the Nernst equation holds quite well 
for the nerve and muscle. 

It has also been shown that muscle bathing in plasma or serum 
instead of Ringer's fluid takes up faraless Nat (Carey and Conway, 1954; 
Creese et al., 1958), and the potential measured in animal's own plasma 
approaches very close to that of the calculated value. For an instance, 
the mean resting potential of frog sartorius muscle fibres measured in 
plasma was 99.2 + 0.7 mV, where the calculated potential was 100.1 mV 
(Kernan, 1960). The membrane potential of the extensor digitorum 
muscle of rat, measured in plasma by the microelectrode, with adequate 
oxygenation, was 90.1 + 0.69 mV compared with a calculated value of 
91.0 mV, based on K analysis of the tissue (Kernan, 1963). 

While the Nernst equation seems to apply to the nerve and 
skeletal muscle at rest, there are other tissues, such as smooth 
muscle, where the equation does not seem to apply. The mean membrane 
potential in the smooth muscle of the taenia coli of guinea-pig, for 
example, measured by microelectrode was at least 20 mV lower than the 
calculated K diffusion potential (Biilbring, 1954), and the line obtained 


when En was plotted against (K) had a slope of only 38 mV per tenfold 
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change in concentration, instead of 58 to 60 mV predicted by the ionic 
theory. Smooth muscle responds to mechanical pressure and stretch with 
depolarization and the appearance of spontaneous electrical activity. 
In taenia coli, for example, the membrane potential may fall from 60 
to 43 mV on stretching. Skeletal muscle behaves in a similar manner 
when immersed for some time in a Gal =Ereé fluid, and this appears to 
be due to an entrance of Na’ into the muscle fibres (Kernan, 1965). 

In this case the balanced state with respect to ion fluxes does not 
exist, and so we would not expect the Nernst equation to hold. The 
more general Goldman constant field equation may in some cases be used 
to describe the relationship between the membrane potential and the 
relative permeabilities and electrochemical gradients of the various 
ion species across the cell membrane. Such a relationship has already 


been described in Equation 5. 


(E) Action Potential: 

According to the ionic hypothesis of Hodgkin and Huxley (1952) 
the action potentials in nerve and skeletal muscle are brought about 
by a transient and specific increase in sodium conductance. When the 
membrane is stimulated (depolarized) by an applied cathodal current or 
by the flow of electric currents in local circuits due to a change in 
membrane potential in some adjacent part of the fibre, the surface 
membrane immediately develops a brief and a highly specific increase 
in the membrane's permeability to sodium ions, presumably due to the 


operation of a 'sodium carrier' mechanism. As a consequence sodium 
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ions are driven inwards both by the concentration and voltage gradients, 
their positive charges rapidly discharging the resting potential. Thus, 
eventually the potential approaches that of a sodium electrode, the 
inside becoming momentarily positive with respect to the outside 
(reversed potential or overshoot). In skeletal muscle fibres, for 
example, the potential changed from a resting value of about -88 mV to 
a value of t3°mV, that *isf* by 119 mv (Nastuk and Hodgkin, 1950) =iefhe 
transient change of membrane potential by virtue of which the interior 
becomes positively charged for a few msec is called the action potential. 
As the peak of the action potential is reached, the sodium-carrier is 
already getting inactivated, and soon completely fails while simultane- 
ously the potassium permeability is increased far above the resting 
level. There is thus a rapid net outward flux of potassium ions, 
because during the falling phase of the action potential, the ‘potassium 
carrier' operates effectively in this direction along the electro- 
chemical gradient for potassium and each potassium ion carrying a 
positive charge outwards. In this way the original resting potential 
is restored in a few msec. At this level there is, according to the 
hypothesis, a zero electro-chemical gradient for potassium. 
Theoretically during the action potential the sodium entry 
could continue to overpower all other ion movements until the cytoplasm 
acquires sufficient positive potential (about +50 to +60 mV relative to 
the outside) to balance the chemical potential gradient of Na ions. In 
practice, this level is never quite attained during the course of an 


action potential because (1) the opening of Na’ channels is only a 
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brief transient event and (2) it is rapidly followed by an increase 
; oF ; ’ 

in the K conductance, which begins to operate near the peak of the 
action potential and accelerates the return of the system to its 


resting condition (Hodgkin, 1958). 


(F) Propagated Action Potential: 


On the basis of membrane theory (Hodgkin, 1964), action 
potential is explained by a cycle of permeability changes at any 
region of the membrane. As the impulse advances, the potential dif- 
ference across the membrane just ahead of the active region is depolarized 
by electric currents flowing in a local circuit through the axoplasm 
and external fluid; this causes a rise in Na conductance, Nan enters 
the fibre making the inside positive and giving the current required 
to activate the next section of the fibre. This sequence of events 
moves regularly along an unmyelinated axon or muscle fibre to its end. 
Thus, the self-propagating nature of the nerve impulse is due to cir- 
cular current flow and successive electrotonic depolarizations to the 
firing level of the membrane ahead of the action potential. 

It may be pointed out that in the myelinated nerves the 
action potentials are generated only at the nodes. When a fibre is 
depolarized only the nodes become active, hence the conduction is 
saltatory in myelinated nerve fibres (Huxley and Stumpfli, 1949). 

The impulse moves along the nerve or muscle fibres in a non- 
decremental fashion, that is, at a constant amplitude and velocity of 


1-100 meters per second, the speed depending on the fibre diameter, 
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temperature and on whether or not the fibre is myelinated (Hodgkin, 
1964). The action potential must then be supplied by energy while in 
motion, and it seems that the immediate source of energy for propaga- 
tion of the impulse is the breakdown of the electro-chemical ionic 
gradients which exist across the cell membrane. Therefore, in the 
active state of the fibre there is an uptake of a small quantity of 
sodium ions and the loss of a small quantity of potassium ions. Ult- 
imately there must exist a mechanism which actively transports Na’ 
out of the cell against its electrical and chemical gradients; the 
potassium ions are probably passively absorbed. Metabolic energy is 
thus eventually required for a complete restoration of the status quo, 
the sodium ions gained in bursts of activity being slowly pumped out 


later during periods of rest. 


(G) Effect of External Sodium Concentration on the Action Potential: 
One of the crucial tests of the sodium hypothesis was to 
vary the sodium concentration in the bathing medium and to study the 
effect of sodium ions on the amplitude, on the maximum rate of rise 
(dv/dt) and on the overshoot (reversal potential) of the action poten- 
tial. Since the magnitude of all these parameters depends upon the 
sodium conductance across the plasma membrane a series of investiga- 
tions have been made in which the effect of sodium ions have been 
studied on different types of preparations. For example, on squid 
giant axon (Hodgkin and Katz, 1949), on frog medullated nerve fibres 


(Huxley and Stampfli, 1951), on the frog skeletal muscle (Nastuk and 
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Hodgkin, 1950; Desmedt, 1953), on conduction bundle of the dog heart 
(Draper and Weidmann, 1951), on the frog ventricle (Brady and Woodbury, 
1960), and on the skeletal muscle of the guinea pig (Ferroni and 
Blanchi, 1965). On all these preparations the importance of external 
Na’ concentration in the generation of the action potential spike has 
been shown. The following discussion will mostly be confined to the 
effect of sodium ions on the squid giant axon and the skeletal muscle 
fibres. 

While studying the effect of sodium ions on the electrical 
activity of squid giant axon, Hodgkin and Katz (1949) demonstrated 
that: (1) replacement of external Na’ by sucrose or choline revers- 
sibly reduced the size of the action potential and abolished excita- 
tion; (2) height of the overshoot of the action potential varied 
linearly with the logarithm of the external Na’ CAR erat and 
(3) a reduction in Na’ concentration caused a reversible decrease in 
the rate of rise of the action potential. Subsequently it was shown 
by Hodgkin and Keynes (1956) that the height of the action potential 
was also decreased, when internal Na’ concentration in the squid axons 
was raised by microinjection. From these observations it seemed likely 
that the membrane potential at the crest of the spike was determined 
by Na‘ rather than by KT concentration gradient across the cell mem- 
brane. This indicated that during the rising phase of the action 
potential the membrane became more permeable to Na’ than to Kr and Cl , 
and that the membrane potential approached the Na-equilibrium poten- 


tial defined by: 
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[Na‘] Ringer's 
1 


«,) test - (E,) Ringer's = 58 mV. log 
[Na‘] test 


(6) 


where (E) test and (E) Ringer's are the potential differences across 
the active membrane in the test solution and in the normal solution 
(Ringer's fluid or sea water). ite oT test and [Na‘] Ringer's are the 
sodium concentrations in these solutions. This equation would be 
obeyed if the active membrane behaved like a sodium electrode and the 
internal sodium concentration did not change appreciably during the 
period of the experiment (Hodgkin, 1951). Where the internal charge 
is positive, both the concentration and electrical gradients favour 
the net efflux of a from the cell, which would tend to repolarize the 
membrane, 

Nastuk and Hodgkin (1950), and Desmedt (1953) have confirmed 
the validity of the sodium hypothesis on the sartorius muscle of the 
frog. Their results indicate that the magnitude of the action potential 
and overshoot of the spike are also linearly proportional to the logar- 
ithm of the sodium concentration in the external fluid. The experi- 
mental points fit reasonably well on the straight line drawn according 
to the Nernst formula: 58 log, 9 (Na 1,/[Na'].. Deviations from linear- 
ity at low internal concentration are to be expected because the sodium 
permeability at the peak of the action potential is not likely to be 
infinite with respect to the permeability to other ions (say KT ar Cin) 
whose contribution would tend to reduce the actual overshoot. This 
effect would indeed be more appreciable when the ratio [Na"],/[Na"], 


becomes very small (Hodgkin and Katz, 1949). 

























ol 
t 2 ae agp Bo! - Vit 2 "yoga a?) ~ y" 4 
te93 { ah} 


=. re ire 
asows eescetettib Intinstoy sili s1& 2 ‘yogis 7 3) bre jaad Gar bi \ 
“> 
noi tusoa jag ot ut bos notsofse tas3 oats ot arising ovina § 


, (7 
91 S38 2 's3ankt | BY] bos Jtasyx | ei) .A7936W B52 10 biutt ale . te 
a a , 
; Fe te 

sd bluow mekigupe skit  .enoktuloer eeottd fk asolbjsisasonos ut 


7 


ofa bas sbo1I9986. mutboa, s silt bowariad stasdaiay evizos Siz 2k 


he 
Al 


: 
af3 gabiub yideiosy9as sgaBdo gon bab notjexInsottes mutboe. . 


aq3ans [ans$3ni ohd oreon (Leer _atagbok) Insatreqxe sifZ 20 
THOVS! etnetbets IsstytoeS bas motaasriassaGo saz rized ,avkaE 


’ _ +: 
(9 ssivslogs1 ot buns? bitow doldw:, [ise ad’ moxrt A to xuliie ; 


~< : 
bemxiiqoo sved (E28L) thomas bas , (OGD) ntigboll bes dujest 
iv : ' £ ose 
of3 to sfoaum 2uttottee said co ekasdJoqyi méitboee ead Io Ifbt 
a7 2 @ 
[stineteq ooigas 93 Yo shud tagen ong, tend Syaolbrh si luaat wads got 


~fsgol sila o3 Isnolasoqorg virsentl ogfe sas satqa ed 2o joodars vo 
om, 

-lisgxS siT .bigti faciejxs ads. ni noije14nasto> autbow ed io. 
gribicjos owetb smti idgierze efi no Siew eldemoasor Pc es 


“aagait act gto i gnived it “etl \y t * av oL 82 +ehimaon Looe 
os 








aii 9% Satinosd bosanegxs sd oF S76 poliana ea 
‘ > : - 





A 





iy, 


Hodgkin and Katz (1949) predicted that the rate of rise of 
the action potential should be determined by the rate of entrance of 
sodium ions into the membrane, and to a rough approximation the rate 
of rise should be directly proportional to the external concentration 
of Na’. Their experiments with squid giant axon showed that the rate 
of rise of the action potential undergoes a large and substantially 
reversible change as a result of treatment with sodium-deficient solu- 
tions. On the other hand, substantial increases in the rates of rise 
were noticed in solutions containing extra sodium. The average value 
for the maximum rate of rise of the spike found was 630 V/sec. The 
experimental findings of Nastuk and Hodgkin (1950) and Desmedt (1953) 
with the frog muscles showed that the rate of rise of the action 
potential is also likewise influenced by the Na’ concentration in the 
bathing medium. The maximum rate of rise in the frog skeletal muscle 
in normal Ringer's solution (containing 104 mM - Na) is of the order 
of 300 to 400 V/sec (Desmedt, 1953). The general result is therefore 
clearly consistent with the idea that the active depolarization of a 


nerve or muscle fibre is due to entry of sodium. 


(H) Subthreshold Activity and the Threshold for Excitation: 


There is now a general agreement that a cathodal stimulus 
too weak to generate a iste impulse will produce a local or 
graded response that resembles a miniature action potential (Katz, 
1937; Hodgkin, 1938; and Hodgkin et al., 1949). As Hodgkin (1951) 


points out, the subthreshold response may be simply explained, if one 
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considers that there exists a graded and reversible relation between 
membrane potential and sodium permeability. With a small depolariza- 
tion, sodium permeability (Parad rises only to a small extent, so that 
the inward current due to sodium entry is less than the outward cur- 
rents due to the movements of the potassium and chloride ions. Under 
these conditions the membrane activity will die out and the membrane 
would repolarize. On the other hand, if the applied depolarizing 
current is made slightly larger so that threshold of the fibre has 
been reached, the net Na’ influx through the membrane slightly exceeds 
the sum of the net Kr efflux and the net Cl influx, resulting in a 
net movement of positive charges into the fibre and the action poten- 
tial upstroke ensues in a cyclic fashion: A decrease in membrane 


voltage acts to increase P and this increase, in turn reinforces 


Na 
additional depolarization. 
According to this view, the membrane threshold is defined 
by the potential of depolarization at which the inward sodium current 
exceeds the outward potassium and chloride current and so initiates 
a self-regenerative action. This critical voltage for excitation is 
about 15 mV in the squid axon, and a graded response is expected 
below this level of depolarization (Hodgkin et al., 1949). Once the 
threshold is reached, the fibre will fire an action potential which 
will reach a maximal value. Any further increase of a depolarizing 
current (supra-maximal stimulus) will not increase the amplitude of 
the spike. Thus the all-or-nothing nature of the propagated action 


potential immediately follows from the sodium mechanism. 
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(I) Limitations of the Sodium Hypothesis: 


Although the action potential of excitable tissues is invar- 
iably accompanied by an increase in the conductivity of the membrane, 
it does not always depend on an inward movement of sodium. It was 
shown by Lorente de N6 (1949) that certain quarternary ammonium ions 
can replace sodium and, as was originally demonstrated by Overton 
(1902), e.g. lithium is always an effective substitute. These experi- 
ments showed that cells which normally function with sodium can use 
some substitutes, but there are tissues in which deviations from the 
typical sodium electrode type behaviour have been observed. For 
example, crab muscle fibres previously treated with tetraethylammonium 
ions not only maintain the spike but give large overshoot in the 
absence of sodium or any other monovalent cation, so that the Na-theory 
clearly does not apply in this case (Fatt and Katz, 1953). Bilbring 
and Kuriyama (1963) are of the view that in smooth muscle, under approp- 
riate conditions, calcium ions may provide the inward current. 

Exceptions to the application of Na-theory in toto have also 
been found in guinea-pig ventricles treated with solution in which Na’ 
was replaced by choline (Coraboeuf and Otsuka, 1956), and in toad 
sartorius muscle immersed in Ringer's containing tetraethylammonium ions 
(Hagiwara and Watanabe, 1955). In both cases fibres failed to conduct 
action potentials in the complete absence of Nai but at intermediate 
concentrations the changes noticed in overshoot were much less than 
would be expected from the sodium theory. Nevertheless, in spite of 


these exceptions, the sodium-potassium mechanism is applicable in 
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= a 
majority of excitable tissues, and the effects of Na -deficient solu- 
tions agree well with the hypothesis that the action potential depends 


on an increase in sodium permeability. 
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CHAPTER II 
THE EFFECTS OF ANESTHETIC DRUGS ON THE PERMEABILITY 


CHARACTERISTICS OF EXCITABLE MEMBRANES 


(A) General Comment: 

There is hardly any area of pharmacology in which as many 
theories for the mode of drug action have been advanced as in the field 
of anesthetics. Extensive research efforts have been devoted towards 
this problem, and a number of physico-chemical and biochemical hypo- 
theses proposed to explain the mechanism of conduction block by local 
and general anesthetics. Several reviews (Verworn, 1913; Lillie, 1925: 
Héber, 1945; Pittinger and Keasling, 1959; Watson, 1960; Pauling, 
1961; Quastel, 1962; Bunker and Vandam, 1965) provide voluminous 
literature pertaining to the various theories of Bdeseneaue: In view 
of the present investigation, attention in this introduction will be 
focused mainly on the salient features of the permeability theory and 
the main criticism that has been raised against the permeability 
theory without entering into a detailed consideration of other theories 


of narcosis ™% 


(B) Cell Permeability Theory of Anesthesia: 


One of the principal proponents of the 'Permeability Theory 
of Narcosis' was Lillie (1923). Most of his work was done on the eggs 
of the sea urchin Arbacia and the pigment-containing larvae of 


Arenicola. Lillie found that the permeability of the Arbacia eggs to 
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water was decreased when the narcotics were added to the diluted sea 
water. His observations with the Arenicola larvae showed that these 
organisms ordinarily lost their pigment to the surrounding medium 
when transferred from sea water into isotonic saline. Such a loss of 
pigment was thought to be due to a marked increase in cellular perme- 
ability. Correspondingly, no immediate loss of pigment was noticed 
from larvae immersed in solutions containing suitable concentrations 
(in the anesthetizing range) of ether, chloretone and alcohol. More 
direct studies of the effect of narcotics on permeability were done 
earlier by Winterstein (1915), who measured the rate of increase of 
weight of frog sartorius muscles in hypotonic salt solutions. He 
found that the rate of increase, i.e. the permeability to water, was 
lower when ethyl alcohol was added to the soaking medium. At about the 
same time Osterhout (1913) demonstrated that the electrical resistance 
of marine plant cells was reversibly increased in the presence of 
anesthetics like chloroform, ether, chloral hydrate and ethyl alcohol 
and such an effect was again attributed to a decrease in the permeab- 
ility of the cell membrane to ions. 

Impressed by his own observations, and from the contemporary 
supportive evidence of other investigators, Lillie postulated that in 
the presence of narcotizing drugs the cell membrane was modified in 
such a manner that stimulation could not produce the normal rapid 
increase in permeability required for the ionic exchanges occurring 
with depolarization. A further conclusion drawn from these studies 


was that the narcotic agents produced central nervous system (CNS) 






















ese betulib sid o2 aati si19w poltooser sd3 osrw nnaeae ssle 9300 


sesnht tsdd bowoda ssvrel.clookmeaA sd3 dittw ncotsinethanity braid esew 
aes 

muJtbon galbavortwa ef3 of Jaamgtq wrsdia taok etbvantbso : 
ni 

lo aeol s don@ .sntiaa oinojoat osmt taj6ew £92 mort bovrohenea3 


satsq aslufles mt) semuszan! bodisem 68 ot sah ad oF tetguods 
bssijon aéw Insmgtq to eeol sxelbaamh on oe “e 
| neo oldsitue gu tate dnos arjotsuloe fal beuvonnh on vinl:s 
9s0lM | Lord is \bne proderokide., taht to (ogaee gnistseddesns.s 
9no0b stow yiitidsopiey 19 ad Haotsn to josit® sag to estbute a 


io seestont te sist Sis beyirasem arte  (efed) aiesezectaly ee 1 : 
olf reno swter SEB@) Sto 3mqUit ah. s6¢peum evtiodwae 9072 3o. | 

28m ,TStsw Ol ydtLbdeemteq off i802 -sesssonk 20 sae of? gadis 
ef? suods 4A» .autbon aialiaiss Sa 03 bebbs esw Tonoo is iyize - 
sonstaiasy Isoinisels) sia asda butan Janoneb/ (2424) ioort93e0 sinkd 
| io 9onsestq sd4 at Bogsarsh? yidweyavesr wy atites Sha Lig, wake 
fodosis Iyise bas s3ethys trrbbdin edie snxo loroldy aakt IS 3: ai én 


-dssmisq odd ot saedxo9b # 04 Sstudirtis singe asw dgatie oe tipee d 


spiel 02 shpatinsm Liss edd Jeg 
v _ : “ p : ; 
(187 oqat83 109 dt mort bas <aftolsevisado nwo eke yd ital ah” 


ak jens beaptusaoq sti ti eetoaegtizavant 1936, a0 a sabia 






el . 
a bsk2tbom 25W ona ttf ats auth guts, 


7 - 
m~ x [~~ + 


ores aia ft ov a 


cael 


24 


depression because they interfered with the movement of ions so 
necessary for the transmission of the nervous impulse. 

As with all other theories of narcosis, criticism has been 
raised against Lillie's theory and some inadequacies and exceptions 
reported (Brooks, 1947; Davson and Danielli, 1952). There has been 
much doubt as to the effect of narcotics on permeability, and it 
appears that there is no general rule. In a preliminary communication 
of their findings, Jacobs and Parpart (1937) indicated that n-butyl 
alcohol (15.6 to 250 mM) markedly decreased the permeability of 
glycerol in the erythrocytes of man, rabbit and rat, etc.; while in 
the erythrocytes of ox, horse, pig, dog and cat, etc., the permeability 
to glycerol was increased by n-butyl alcohol. B&arlund (1938) showed 
that ethyl ether (1 to 2.5 vols % solns) reversibly increased the 
permeability of the Chara cells (brackish alga) to eeglencmliccls 
urea etc., and decreased the rate of intake of lithium ions. Similarly, 
Liebe (1948) showed that phenyl-urethane induced a reversible decrease 
of permeability of cow and horse erythrocytes, however, this narcotic 
did not influence the permeability of human red cells. In another 
report, Haglund and Lovtrup (1966) indicate that butyl alcohol enhances 
the permeation of radioactive water into amphibian eggs, whereas 
procaine and nupercaine depress the permeability. Some of these 
exceptions to the permeability theory seem to be valid, where sophist- 
icated techniques for determining the permeability coefficients were 
employed, and the concentrations of the anesthetics used were within 


the pharmacological limits. In other instances the increase in perme- 
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ability by the anesthetic agents may be due to: (a) species difference, 
because the erythrocytes of some species show a narcotic effect with 
regard to certain solutes and not with regard to others; (b) higher 
concentrations of the narcotics used which would damage the cell mem- 
brane and thus may change its permeability characteristics; (c) in 
some other cases the compositions of the control and drug containing 
media were not strictly physiological and this might account for the 
observed discrepancies. In general, the evidence in the literature 
indicates that most of the narcotic drugs inhibit permeability of 
plant and animal cells including artificial membranes to electrolytes 
and nonelectrolytes. A few of the objections raised against Lillie's 
theory of narcosis seem to be untenable, since the work that tends to 
disprove the general validity of this theory was based on experiments 
carried out to demonstrate that narcotics did not always influence or 
decrease the cell permeability in all cells, and it is not applicable 
to Lillie's essential concept. The latter being essentially concerned 
with the very special changes in permeability that accompany excitation 
in the tissue. Moreover, Lillie advocated that a narcotic would 
prevent the conduction of an impulse along a nerve, not because it 
altered the normal permeability relations in the resting nerve, but 
because it prevented the supposed increase in permeability which is 
associated with the passage of the impulse. It is, however, worthy of 
note that compounds which enhance membrane permeability in vitro (e.g. 
n-butyl alcohol and ethyl ether), and produce CNS depression when 


injected into the body show that the mechanism of action cannot be the 
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same for all substances exerting effects of this kind. In concluding, 
it may be stated that as far as the local and general anesthetics are 
concerned, the fundamental question which has been posed time and 
again by the permeability theory is whether or not an alteration in 
cellular permeability which occurs as a result of the application of 
anesthetic drugs on the neural and non-neural membranes is responsible 
for the decreased excitability or the conduction block of the system 
being studied. Before presenting some of the electrophysiological 
studies which support this hypothesis, some of the indirect evidence 
which has emerged from the studies of monolayer model systems is con- 


sidered in the succeeding section. 


(C) Monolayer Model Systems and the Anesthetic Action: In 1945, 


Rideal pointed out that the monolayer (monomolecular layer) model may 
be the best physical representation of the membrane for studying anes- 
thetic action. The need for such a model system arose from a poor 
comprehension of the highly organized and complex nature of the plasma 
membrane and the obvious simplicity of model membranes. The model 
membranes are, of course, in no way the true representatives of living 
membranes, but they have helped in the study of the effets of ions and 
drugs at physiological and pharmacological concentrations. Responses 
and antagonisms are produced which are sufficiently distinctive to 
suggest interactions related to biological effects. 

Shanes (1962) suggested that the permeability changes induced 


by pharmacological and physiological agents and the various antagonisms 
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that have been demonstrated represent criteria that must be satisfied 
by any model or hypothesis proposed to account for the nature and the 
properties of excitable membranes. An important clue to a suitable 
model was provided by Skou (1958, 1961), and in a series of investiga- 
tions, Skou demonstrated that the potency of a wide variety of agents 
that block nerve conduction closely parallels their ability to inter- 
act with monomolecular films of stearic acid and especially with films 
made of myelin extracts. This interaction, he believed, was caused 
by adding the bulk of the anesthetic agents to the films, thereby 
increasing molecular packing and hence the surface pressure (force) as 
measured with a Langmuir film balance. In a subsequent study, Skou 
found that a group of excitatory agents (e.g., veratrum alkaloids) 
decreased the spreading force in a lipid monolayer of nerve tissue. 
The increase in the spreading force produced by the local anesthetics, 
and therefore the increase in the lateral pressure in the membrane may 
lead, as Skou visualized, to a decrease in the effective size of the 
pores for sodium movements in the excited membrane and hence to a 
decrease in the permeability for sodium ions. For the drugs which 
reduce surface pressure, the reverse situation would be assumed. 

The significance of the stearic acid monolayer membranes 
has been appreciably strengthened by the findings of Gershfeld and 
Shanes (1959), and Shanes and Gershfeld (1960). The conclusions drawn 
by these workers regarding the permeability changes in the membrane to 
Na’ and Kt by the local anesthetics (stabilizers) and veratrine and 


related alkaloids (labilizers) are almost identical to those of Skou 
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(1961). Toman (1962) has described another model of the neural mem- 
brane, in which a sheet formed of hydrogen-bonded polypeptide chains 
is held in folds by linkages between acid residues. The critical 
event in excitation is assumed to be the limited diffusion of sodium 
ions into the folds. According to this view, the action of local 
anesthetics and related drugs which cause an elevation of neural 
threshold is accompanied by forming multiple stable linkages between 
the amino acid residues and the drug (stabilizing action), which some- 
how decreases sodium influx. There is at present no direct proof for 
the details of any of the above mechanisms. Whatever interactions 
between the drug and membrane occur, they seem to do so in such a way 
as to present a barrier to sodium influx, and to make the active mem- 
brane more resistant to the movement of Na’. 

Since the phospholipids form an important structural com- 
ponent of the ceil membrane, the interaction or binding of local anes- 
thetics (Feinstein, 1964; Feinstein and Paimre, 1966), the general 
volatile and gaseous anesthetics (Clements and Wilson, 1962, 1963), 
and the neurotropic agents such as chlorpromazine and diphenhydramine 
(Ehrenpreis, 1964) has been studied with the synthetic phospholipids 
(cephalin and lecithin) and the phospholipids extracted from the cell- 
ular membranes. The results of Feinstein (1964) indicated that local 
anesthetics such as procaine, tetracaine and butacaine react with the 
phosphate group of phosphatidyl serine, phosphatidyl ethanolamine, phos- 
phatidyl inositide, lecithin and cephalin. The binding ratio between 


the local anesthetic and phospholipid was found to be 1:2, i.e. com- 
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plexes composed of one mole of local anesthetic and two moles of 
phospholipid were formed. His experiments also showed that the local 
anesthetics increased the electrical resistance of the model membranes 
prepared by impregnating the millipore filters with cephalin plus 
cholesterol or tissue lipids extracted from the rabbit skeletal muscle 
microsomes. On the basis of these observations Feinstein (1964) 
suggests that the interaction of the local anesthetics with the phos- 
phate groups of the cell membrane phospholipids may be responsible 

for impeding the cellular ion fluxes, and such an interaction may 
provide a chemical basis for the ability of the anesthetic drugs to 
inhibit nerve conduction. 

Hille (1966) is of the view that the sodium channels of the 
nerve are closed or clogged by the binding of the anesthetic molecules 
to a complementary structure in the channel. He further points out 
that probably the sodium channel bears a negative charge that attracts 
sodium ions, calcium ions and other cationic molecules including the 
anesthetics. The active form of the anesthetic molecule is believed 
to be a cation and approaches the binding site from the extracellular 
side of the cell membrane. According to this suggestion, the anes- 
thetics decrease the a aueas of the sodium current because the 
anesthetic molecules interact or bind with the sodium channels and 
thus in turn decrease the available number of channels for the sodium 


ions. 
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(D) The Effects of Anesthetics on the Electrical Properties of 
Excitable Cells: 


As described above, according to the ionic hypothesis which 
Hodgkin and Katz (1949) have formulated, the sodium ions play a key 
role in the initiation of an electrical impulse. It is, therefore, 
not unreasonable to assume that any theory of anesthesia attempting 
to eetiah a unified mechanism of action of anesthetic drugs must take 
into consideration the possible depression of Na’ influx as the cause 
of conduction block of impulses. Evidence has been accumulating in 
recent years in favour of this type of hypothesis. It has been found 
that drugs which produce local and general anesthesia, affect the 
bioelectrical signals by decreasing the increase in sodium conductivity 
of the cell membrane following a stimulus (Thesleff, 1956; 

Taylor, 1959; Yamaguchi, 1961; Inoue and Frank, 1962, 1965, 1967; 
Frank and Sanders, 1963; Yamaguchi and Okumura, 1963; Frank and 
Pouskys7t900; witoue cl. alr, 1907). 

The development of intracellular recording techniques with 
microcapillary electrodes, of voltage-clamp techniques and of sucrose- 
gap methods have provided a further impetus for the re-appraisal of 
the action of local and general anesthetics. Inoue and Frank (1962, 
1965) studied the mechanism of action of procaine and ether on the 
isolated sartorius muscles of the frog using the extracellular and 
intracellular recording techniques. Their results with extracellular 
electrodes showed that in procaine and ether-treated muscles the 


maximum amplitudes of the compound action potentials were decreased 
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and the thresholds for stimulation were increased as compared with the 
controls. Measurements obtained with intracellular microelectrodes 
also revealed the changes expected from a reduction in the specific 
increase in Na‘ -conductance upon stimulation. For example in the drug 
treated muscles it was observed that: (i) the maximum rate of rise of 
the action potential was decreased; (ii) the overshoot of the spike 
was reduced or abolished; (iii) the threshold for membrane depolariza- 
tion was increased; and (iv) the transverse membrane resistance was 
increased with ether, but remained unchanged with procaine. Only 
small changes in the resting membrane potential were recorded at 
blocking concentrations of the drugs. 

Since sodium is known to have an important function in the 
genesis of the action potential, and since the maximum rate of rise 
and overshoot of the action potential are roughly dependent upon the 
logarithm of the sodium concentration in the bathing medium (Hodgkin 
and Katz, 1949; Nastuk and Hodgkin, 1950), any agent which impedes 
the function of this cation will inevitably tend to interfere with 
spike generation and would likewise affect the other properties of an 
action potential. Inoue and Frank (1962, 1965) concluded that procaine 
and ether block excitability by antagonizing the specific increase 
in the sodium conductance in the fibre membrane. When they raised the 
Na’-concentration in the bathing fluid to 171 mM (1.5 x normal Ringer's), 
they found that the overshoot of the spike and the maximum rate of rise 
of the action potential were restored to the control level. These 


findings led them to propose that local and general anesthetics have 
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a fundamentally similar mechanism of action; i.e., they act by inhib- 
iting the specific increase in sodium conductivity following a stimulus. 
The investigations of Crescitelli (1952) and Condouris (1961) on bull- 
frog nerve fibres treated with certain nerve blocking drugs have 
revealed a similar type of interaction (competition) between drug 
molecules and sodium ions. The same mechanism of action was found to 
be operating in the skeletal muscle for pentobarbital, tribromethanol, 
paraldehyde, chloralose, chloral hydrate and urethane (Thesleff, 1956), 
ether, chloroform and urethane (Yamaguchi, 1961; Yamaguchi and 
Okumura, 1963). 

Results reported by Weidmann (1955) with intracellular 
microelectrodes indicate that in Purkinje fibres procaine amide, 
cocaine, quinidine sulphate, and diphenhydramine stop spontaneous 
activity within a few minutes without appreciably affecting the 
membrane potential. He also found that the application of these drugs 
considerably decreases the rate of rise and overshoot of the action 
potential. Weidmann interpreted his results on the basis that the 
local anesthetics block conduction by interfering with the system 
responsible for carrying sodium ions through the membrane ("sodium 
carrying system"), for the effect of these drugs can be counteracted 
by injecting anodal currents into the fibres (increasing the membrane 
potential) and thereby activating the "sodium carrying system". 

Inove and Frank (1965) were also able to reverse the electrical 
inexcitability produced by procaine or by ether by passing hyperpolar- 


izing currents through the membrane. The procaine block, however, was 
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more resistant to reversal than was the ether block and thus the 
hyperpolarizing currents had to flow for several seconds before the 
procaine block could be reversed. Voltage-clamp studies on squid 
giant axons carried out by Taylor (1959) also have shown that procaine 
retards the sodium current across the membrane and the blocking action 
of procaine is therefore the result of an inhibition of the "sodium 
carrying system.'' Simultaneously Shanes et al. (1959) using the same 
technique, provided evidence supporting this mechanism of action for 
procaine block in squid giant axon. 

Straub (1956a, 1956b) studied the effect of procaine on the 
myelinated nerve fibres of frog using the sucrose-gap method, and 
came to the conclusion that the main effect of local anesthetics seems 
to be due to the decrease of sodium permeability. Schoepfle and 
Grant's (1954) conclusion regarding the effect of novocaine on amphi- 
bian nerve is also consistent with this view. The evidence presented 
thus far strongly supports the hypothesis that the prime action of 
anesthetic drugs is to reduce the specific increase of Na’ -conductance 


in the membrane, the resting membrane potential remaining practically 


unchanged at blocking concentrations of the anesthetics. 


(E) Statement of the Problem: 

The drugs used in the present investigation are classified 
according to their current therapeutic use as tranquilizers, analgesics, 
anticholinergics, antihistaminics, sedatives and hypnotics. When used 


in therapeutic doses, these drugs produce a nonspecific depression of 
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the central nervous system (CNS), and some like the antihistamines are 
also capable of producing local anaesthesia (Ritchie et alc, 519655 

for which purpose they have been used occasionally. The nonspecific 
central depressant effect of these drugs seems to be due to an inherent 
anesthetic property of these neurotropic compounds (Jhamandas, 1969). 
Nevertheless, no clearcut explanation for the mechanism of central 
depression by all these drugs exists, and likewise, the mechanism for 
local anesthetic effect produced by some of these compounds is not 
known. 

The aim of the present investigation was to study the effects 
of a wide variety of chemically unrelated neurotropic compounds, capable 
of producing CNS depression, on excitability in skeletal muscle fibres. 
An important objective was to see if their mechanism of action can 
also be explained on the basis of sodium-suppressant mechanism as has 
been proposed by Inoue and Frank (1962, 1965). According to this 
hypothesis, the local and general anesthetics possess a common mechan- 
ism of action and depress excitability in the neural and skeletal 
muscle membranes by decreasing the specific increase in sodium con- 
ductance responsible for the generation and propagation of the action 
potential. Experiments were carried out to study the effects of drugs 
on the isolated sartorius muscles of the frog using extracellular 


electrodes and intracellular microelectrode techniques. 
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CHAPTER III. MATERIALS AND METHODS 


(A) Muscle Preparations: 


The sartorius muscles of the frog, Rana pipiens, were used 
throughout the present investigation. Each frog was decapitated, 
pithed and the sartorius muscle was carefully dissected and removed 
from the frog with a portion of the pelvic girdle containing the 
proximal attachment of the mscle. After its removal the muscle was 
placed in a dissecting dish and, with the aid of a dissection micro- 
scope, was freed from connective tissue and fascial membranes. The 
isolated sartorius muscle was mounted horizontally in Ringer's fluid 
with its deep surface uppermost. This was important, since the super- 
ficial surface is covered with a layer of connective tissue which 
hinders the insertion of microelectrodes (Nastuk and Hodgkin, 1950). 
In order to minimize the damage of the membrane by the microelectrode 
when the muscle moved, the muscle was stretched tightly in the bath. 
All experiments were done at room temperature (18° to 20°C). 

For the experiments using extracellular recording tech- 
niques, the isolated muscle was reduced in size by successive removal 
of muscle fibres from both sides of the muscle until a bundle of 
fibres from the central portion approximately 1 mm in diameter 
remained. The dissection was performed with the aid of a dissection 


microscope, care being taken to prevent or minimize damage to muscle 
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fibres remaining in the bundle. 

Some of the frog muscles were found infected with larvae of 
nematodes and trematodes. The heavily infected muscles were discarded, 
but the muscles in which the incidence of infection was relatively low 
were utilized, all the visible parasites and the proliferated connec- 
tive tissue layer around them were removed. Frank (1957) observed that 
if the infected muscles are kept immersed in Ringer's solution for 
about one and a half hours the resting and active membrane potentials 
reach the normal values observed in uninfected frogs. Therefore, the 
infected muscles after mounting into the bath were soaked in Ringer's 
solution for 90 to 120 minutes before the actual observations were 
started. In contrast, the noninfected Lee were allowed to equili- 
brate in the Ringer's solution for about 60 minutes before the actual 
measurements were made. 

The frogs were maintained at room temperature. Experiments 
were performed throughout the year, however seasonal changes did not 
seem to affect the results, although quantitative comparisons were not 


attempted. 


(B) Solutions: 

The Ringer's solution was prepared in distilled water which 
had passed through a filter to remove organic material (Barnstead 
0812, Barnstead Still and Sterilizer Co.) and a deionizer (Illco-Way, 
Research Model Ion Exchanger, Illinois Water Treatment Co.). The com- 


position of the Ringer's solution was as follows (mM) : 
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NeCl, Bllesivekel, 2.47; CaCl,, 1,083" Nat PO 0.087; NaHCO 


1 ee ee si 
and glucose, 11.1. This solution had a pH of 7.4 to 7.6. Other solu- 


22585 


tions were made up with excess or reduced NaCl, the latter by substit- 
uting an equivalent amount of sucrose to maintain osmolarity. All the 
solutions contained d-tubocurarine (Nutritional Biochemicals Corp., 
Cleveland, Ohio) in a concentration of ine g/ml to preclude possible 
neuromuscular effects. 

For those experiments employing sodium salt of gamma- 
hydroxybutyric acid (GHBA), the Ringer's solutions were prepared with 
low NaCl so that after the addition of gamma-hydroxybutyrate the 
sodium content was approximately equal to that in the normal Ringer's 
solution (i.e. about 114 mM). Similarly, adjustments for sodium were 
also made when Ringer's solutions with excess or reduced sodium were 
prepared. The adjustment of sodium in the Ringer's solution was 
necessary because of the following reasons: (1) addition of sodium 
salt of GHBA would increase the Na’ concentration in the Ringer's 
solution and thus would tend to mask the anesthetic effect produced 
by gamma-hydroxybutyrate; (2) further addition of sodium contained 
in sodium salt of GHBA would make the Ringer's solution increasingly 
hypertonic and thus can affect the parameters under investigation. 

The osmolarities of the fluids were determined from the 
depression of the freezing point measured with an osmometer (Advanced 


Instruments Inc., Massachusetts). 
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(C) Drugs Used: 


The drugs used in this study were: 


A wis 


Diphenhydramine hydrochloride (Sigma Chemical Co., 

St. Louis, Missouri). 

Promethazine hydrochloride (Poulenc Ltd., Montreal). 
Chlorpromazine hydrochloride (Poulenc Ltd., Montreal). 
Hyoscine hydrobromide (Penick Canada Ltd., Toronto). 
Morphine sulphate (British Drug Houses Canada Ltd., 
Toronto). 

Meperidine hydrochloride (Winthrop Laboratories, Aurora, 
Ontarto). 

Gamma-hydroxybutyrate - Sodium salt - (Sigma Chemical 
CG., ft. Cori s.  MISSOUrl) . 

Gamma-aminobutyric acid (British Drug Houses Ltd., Poole, 
England). 

Gamma-butyrolactone (Aldrich Chemical Co. Inc., 


Milwaukee, Wisconsin). 


The desired concentrations of drugs were made with Ringer's 


solution either by mixing appropriate amounts of freshly prepared 


stock solutions of drugs in Ringer's fluid or by adding drugs in solid 


form just before use. All concentrations refer to the final bath con- 


centration and are expressed as g/ml or in milliosmols/liter). 





















shail agent: o 


. : ’ "ry 
; . . & ; { 
‘Tsa8w Yhudie std? mre bseau deals adi me 
f 
I ima) smgte) sblyioldooided enlmetbyieige i @ 


4 a b> 


~ | ty yvoaetM ,etvol 32 ’ ¢ 
: p 

sy 300? | wfood) sbrrofids ay bea snissdisaent, vk = ‘oa 
~ - "_ 
rr’ 4 li : ‘ oP ai v ui? 
LIS LTooToyA Si semorqroid> a€ 

a y : , f : 7 a c ~*~ a 
yL Dit J iw ADIN |) sb anle sdorbya Satsaoye .e 
ébhaned-s5 | gu1d darsivya) odadglewenisiqrem it) — 


. (otno76T 


') ebitoldoetbyd Sakbiyeqet ~ .o- 


’ (otizede0 ff 
atid - tine muibo? — siaryovdyxzerbyt-emasd ~~. f 


. Cz [ross cM 2 lhl -22 «#00 


yw 


{ ,.biJ aseavuoH guyd datsied) Bkos Sinyiedonmima-amesd ~.6 
~(basignad ~ 


sn] .00 Ipoinedd doivbIA) Sriptoetor vy tud- smmo- ,@- > 


.(alarooelW ,esolaswii alt 
iat 5 i i SW J. S50 ow 2 vee ID 10 end. b Ssy JAS2H05 bew}aab oT 
Pi hart 


beisqe7q yldesri to suhuoms © pistiq@ngas peebet haw ed ‘aaridts notsul los 







i antbbhs yd 16 biviti 2" ‘— rk eganb to amotio 
nese nae ass etek se sn A on iu sydd as — o2 
| rf ere 
Lehi oi 10 Jui\g, aa aug ie bean tt et aie 
A a ‘Fh | 








@ 


Ty 


40 


(D) Stimulating and Recording Procedures: 


Since in this study three different stimulating and recording 
techniques were employed, a description of each technique along with 
the arrangement of the equipment used is described below. The exper- 


imental technique was essentially the same as used by Inoue and Frank 


(1962). 


i. Extracellular Recording. The muscle bundle approximately 
1 mm in diameter and about 30 to 35 mm long, prepared from the sartor- 
ius muscle was mounted horizontally on bipolar platinum stimulating 
and bipolar recording electrodes in a plexiglas bath. These pairs of 
electrodes were separated by about 22 mm and a ground electrode 
touched the muscle in between, the arrangement of the circuit is shown 
in Figure 1. Unless otherwise indicated, the muscle bundle was soaked 
for 30 minutes alternately in frog Ringer's solution and in Ringer's 
containing various concentrations of drugs. After each soaking period 
the bath fluid was removed with suction and the interelectrode space 
was dried lightly with tissue paper in order to reduce short circuiting. 
The muscle was stimulated with 2 msec square-wave pulses delivered 
through a constant current pulse amplifier (Argonaut Associates Inc., 
Beaverton, Oregon). At first, the strength of stimulation was grad- 
ually increased to determine the smallest stimulus required to produce 
a measurable action potential. This was considered to be the threshold 
or excitation stimulus. After such a manoeuver, 3 to 4 responses to 


supramaximal stimuli were recorded and finally the threshold was det- 
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Figure l. Block diagram of electrode assembly and muscle chamber 
used for testing the isolated strips of the frog's sartorius 
muscle. S$, stimulating electrodes; R, recording electrodes. 
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ermined once again and the muscle placed in the next solution. These 
tests took between 4 to 6 minutes. The stimulating current was mon- 
itored by inserting a 50 K2 resistance into the output of the constant 
current pulse amplifier and measuring the voltage across this resist- 
ance with an oscilloscope. The thresholds and action potentials were 
recorded with a dual beam slave oscilloscope on a 35 mm film for 
future measurements. The film was enlarged, and the magnified images 
were measured. The excitability was calculated as the inverse of the 


threshold current and expressed as the per cent of the control response. 


ii. Extracellular Stimulation and Intracellular Recording. 


For the experiments involving the measurement of the maximum rate of 
rise of the action potential, the whole muscle was mounted horizontally 
in Ringer's solution in a 20 ml plexiglas bath. This was illuminated 
from below and viewed from above with a binocular microscope of magni- 
fication X 50. The layout of the circuit is shown in Figure 2. 

Groups of fibres were stimulated by an extracellular glass 
capillary electrode (pore-electrode) filled with agar Ringer's and 
connected through a chlorided silver wire to the stimulator. The tip 
diameter of such an electrode was of the order of 50 to 100 u. When 
the electrode was brought in contact with the surface of the muscle 
with the help of a micromanipulator, the fibres being stimulated could 
be identified by their movement in response to stimuli. The recording 
microelectrode was then lowered into one of these fibres and the 


resting membrane potential recorded. Membrane potentials were measured 
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to the nearest mV and, unless otherwise stated, fibres showing a 
resting potential less than 80 mV were not used for recording the 
action potential and the maximum rate of rise of the action potential. 
In order to minimize the stimulus artifact, the stimulating electrode 
was always kept at least 10 mm apart from the recording electrode. 2 
msec square-wave pulses were used throughout for stimulation of the 
£ibres.. 

The recording electrode had external tip diameter less than 
0.5 uw and was filled with 3 M KCl (see p. 46 under Electrodes). Micro- 
electrodes having resistance of about 10 to 15 M2 were used. The 
recording electrode was connected through a silver-silver chloride 
electrode to the input of the cathode-follower possessing a negative 
capacitance (Argonaut Associates Inc., Beaverton, Oregon). 

The maximum rate of rise of the action potential was determ- 
ined by electrical differentiation. This was achieved by introducing 
capacitance (20 picofarads) into the output of the D.C. amplifier. 
This differentiating circuit had a time constant of approximately 20 
usec and provided an output voltage proportional to the rate of change 
of the input (Hodgkin and Katz, 1949). Calibration was achieved by 
feeding a sawtooth-wave into the input of the differentiating circuit. 
A standard calibration curve used for the calculation of the maximum 
rate of rise of the action potential is shown in Figure 3. 

As in experiments with external electrodes, the muscle was 
exposed to the test solution for 30 minutes (unless otherwise indica- 


ted) before stimulation commenced. The bath fluid was not removed 
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Figure 3. A standard calibration curve used for calculating the 
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during the testing, which took about 15 minutes. Several fibres were 
impaled at random; the normal and differentiated action potentials 


were recorded on a film for analysis. 


iii. Use of Two Intracellular Microelectrodes. In these 
final series of experiments, two intracellular microelectrodes were 
used. One of these microelectrodes was used to inject a stimulating 
current through the membrane and the other to record a potential 
change across the membrane. Whole sartorius muscle was used in these 
experiments, the preparation of which has already been described. The 
muscle was mounted in Ringer's solution in a 20 ml plexiglas bath in a 
usual way. The bath was illuminated from below and was observed from 
above with a binocular microscope. The outlines of the muscle fibres 
and the microelectrodes were best seen when two polaroid filters were 
used, one placed in front of the light source and the other between 
the objective and the muscle. 

(a) Electrodes: The glass microelectrodes were drawn by a 
micro-pipette puller (Industrial Science Associates Inc., Ridgewood, 
N.Y.) using melting point capillaries having 2 mm outside diameter 
(Fisher Scientific Co.). The tips were examined with the high power 
magnification of an ordinary microscope with a dry objective. Only 
those electrodes having tips which could not be focused were selected 
for use. The selected electrodes were filled using a modified form 
of the method described by Tasaki et al. (1954). Before filling, the 


microelectrodes were mounted on a microscope slide with a rubber band 


on 
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around them and were put into a jar with their tips downward. The jar 
was then filled with methyl alcohol and placed in a vacuum dessicator. 
They were vigorously boiled for 15 minutes by reducing the pressure 

in the dessicator. In such a manner, all the electrodes were completely 
filled with methyl alcohol. The jar was then filled with distilled 
water and the electrodes were left there overnight. Next morning they 
were placed in 3 M KCl and left there until used. The stock solution 

of 3 M KCl was filtered through a millipore filter (0.22 uy in size) 
before use. 

Occasionally, a rapid method for filling the microelectrodes 
was also used. The microelectrodes were placed in a boiling 3 M KCl 
solution which was further subjected to rigorous boiling for about 
20 minutes under a reduced pressure in a dessicator. This method of 
filling the microelectrodes has its advantage, since the microelectrodes 
can be used shortly after filling. 

The resistance of the microelectrodes was measured with the 
help of an electronic ohmmeter (Elco Electronic Instrument Co. Inc., 
Long Island City, New York). Only those electrodes having resistances 
between 10 to 30 M2 were used in the experiments. The most satisfact- 
ory results were obtained with stimulating microelectrodes having 
resistances around 10 M2. The tip junction potential (tip potential) 
of the microelectrodes was not measured because such a source of error 
would not affect the conclusions. 

(b) Recording System: Each microelectrode was operated by 


a separate micromanipulator. The electrode was held to a plastic arm 
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in the manipulator by the chlorided silver wire used to connect the 
electrode to the cathode-follower. A small piece of rubber tubing 
around the wire fitted into the shaft of the electrode and held the 
electrode firmly onto the wire. The reference electrodes consisted 
of chlorided silver plates. The arrangement of stimulating and 
recording electrodes assembly is shown in the diagram of Figure 4, 
Current and potential across the fibre membrane were recorded by 
separate channels using conventional type differential D.C. amplifiers 
and were displayed on a dual beam cathode-ray oscilloscope. The 
current intensity was calculated from the potential difference across 
a 150 Kf series resistor. For calibration of the voltage amplifier, 
known voltages were introduced between this resistor and the ground, 
while the grid of the other side was grounded. The grid current of 
the input tube was occasionally checked and in most cases was found 
in the order of 1 x iG A, an amount too small to have introduced 
any measurable errors. 

The most difficult technique to master was the insertion of 
two microelectrodes inside the same cell. The distance between the 
two electrodes was nearly 50 u. An eye-piece micrometer was placed 
in one of the oculars of the dissecting microscope for measuring the 
distance between the electrode tips. The stimulating electrode was 
inserted into a fibre when the switch was in position 2 (see Figure 4). 
A successful penetration was indicated by the usual sudden appearance 
of the resting potential. The switch was then returned to position ny 


and the recording electrode was implanted. That both electrodes were 
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Pulse generator 


Current 
recording 


Potential 
recording 


oS 





Muscle bath 


Figure 4. Arrangement for measuring current and potential across 
the fibre membrane with two intracellular electrodes. Note double- 
pole, double-throw switch, position 2 for inserting stimulating 
electrode, position 1 for testing electrode insertion and for 
normal use. 
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in the same cell was checked by applying 2 msec hyperpolarizing pulses 
(tip negative) with the stimulating electrode and recording the pres- 
ence of an electrotonic potential with the recording electrode. 

In order to determine the current-voltage relation, several 
hyperpolarizing and depolarizing pulses of 2 msec duration and varying 
strengths were applied. The responses were recorded by a camera from 
a dual beam oscilloscope slaved to the monitor oscilloscope. For 
measuring the membrane time constant however, hyperpolarizing square- 
pulses of 70 msec duration were used. A more detailed discussion of 
this technique can be found elsewhere (Nastuk and Hodgkin, 1950; Fatt 


and Katz, 1951, 1953; Frank, 1958). 
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CHAPTER IV. RESULTS 


(A) General Comment: 

Since nine different drugs have been used in this study and 
in each case a similar experimental procedure and recording arrangement 
has been employed, a detailed description of the results and data 
analysis procedure will be provided for one drug only. Each drug will, 
of course, be dealt with separately and the effects produced by each 
drug on the various electrical properties studied will be described 
briefly. Such an approach has been felt necessary to avoid repetition 
and confusion. The drugs used have been listed previously. Defini- 
tions of some of the terms used in the description of vesiin’ are 


given below. 


(B) Definitions: 

a) Excitability: The term excitability is used to refer to 
the reciprocal or inverse of threshold. From threshold is meant the 
strength of the smallest amount of current needed to produce a measur- 
able action potential. 

b) Threshold Depolarization: Threshold depolarization is 
defined as the depolarization at the end of the 2 msec current pulse 
which is just sufficient to initiate an action potential which begins 
at the end, or just after the end of the stimulus. 

c) Threshold Current: Threshold current refers to the 


amount of current required to initiate an action potential. 
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d) Critical Level of Membrane Potential: Critical level 
of membrane potential is the "firing level" - that is, the membrane 
potential at which the action potential is initiated. It is not 
measured directly, but calculated as the difference between resting 
membrane potential and the threshold depolarization. 

e) Overshoot Potential: Overshoot potential or the so- 
called reversal potential will be used to designate the potential 
difference across the fibre membrane at the peak of the action poten- 
tial. The overshoot is considered to be positive when the potential 
inside the fibre is positive with respect to the bathing solution. 

f) Effective Membrane Resistance: The term effective mem- 
brane resistance or the input resistance refers to the resistance 
between the inside and the outside of the fibre membrane at the point 
of stimulation. It is assumed that the distance between the stimu- 


lating and the recording electrodes is zero. 
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(C) CHLORPROMAZINE: 

i. Studies with Extracellular Stimulation. Preliminary 
experiments indicated that when the muscle strips were soaked in 
Ringer's solution containing chlorpromazine, only a partial recovery 
of the excitability and the compound action potential was possible 
even after repeated washings with Ringer's solutions up to a period 
of 3 to 4 hours. For instance, 20 to 30% recovery of the compound 
action potential and about 30 to 35% recovery of the excitability was 
achieved after the muscle had been exposed to 10 x Lar? g/ml of cn lore 
promazine for 30 minutes. When greater concentrations of chlorprom- 
azine than this were used, these responses were even more slowly and 
less fully reversed upon the removal of the drug. The conclusion 
drawn from these studies was that there is a loosely bound portion of 
the chlorpromazine which can be washed off with relative ease, whereas 
the rest of the drug remains in the tissue and continues to exert its 
effect for a considerable period of time. It is also possible that 
chlorpromazine might have produced a non-specific toxic effect which 
was only partially reversible. It was therefore decided that in order 
to determine the concentration-effect relationship with chlorpromazine, 
the drug concentration applied should be kept constant in each prep- 
aration, and only the time interval for exposure should be varied. 

The following procedure was used. The isolated muscle strip was 
allowed to equilibrate in normal Ringer's solution for at least 60 
minutes before the control measurements were started. Usually 3 to 4 


control responses of the excitability and the maximum amplitude of 
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the compound action potential in Ringer's were obtained, recordings 
being done at 10 minutes intervals. The mean of these control res- 
ponses of each muscle preparation was used to calculate the percent 
change in the excitability and in the size of the compound action 
potential after the drug treatment. After the control recordings the 
muscle was placed into the specified concentration of chlorpromazine 
and only one concentration was tested on any one preparation. With 
low concentrations of chlorpromazine (0.25 to 5 x 10° g/ml), the 
measurements were made every 30 minutes up to 180 minutes. As the 
chlorpromazine concentrations increased the recording interval was 
reduced to L070, 15 minutes. 

The results of all the experiments of the time course study 
of the chlorpromazine-induced effect on the amplitude of the compound 
action potential and on the excitability are described in Figure 5-A 
and B respectively. It can be seen that the size of the action poten- 
tial and the excitability remain essentially unaffected with 0.25 x 
is g/ml of chlorpromazine. However, a progressive depression of 
these two measured parameters is noticed with increasing concentrations 
of chlorpromazine. The action potential production is virtually 
abolished with 50 x 10° g/ml of chlorpromazine after 30 minutes 
exposure (Figure 5-A), and the excitability is reduced to about 11.5 + 
2.5% as compared with the control (Figure 5-B). On the other hand, 
treating the muscle with 2.5 x igo g/ml chlorpromazine for 180 minutes 
the amplitude of the compound action potential is decreased to about 


44.6 + 5.2% (Figure 5-A), and the excitability declines to about 36.3 
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DURATION OF EXPOSURE TO CHLORPROMAZINE 
Figure 5. Effects of various concentrations of chlorpromazine 


on (A) the maximum size of the compound action potential, and on 
(B) the excitability, calculated as the inverse of the threshold 
current in frog sartorius muscle strips. Figures in parentheses 
represent the number of muscle strips used, the vertical bars 


indicate + S.be of the mean. 
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+ 3.1% (Figure 5-B) in comparison with the control values. These 
results show that there seems to exist an inverse relation between 

the soaking interval and the chlorpromazine concentration in the 
bathing medium so far as the depressant actions of this drug on the 
excitability and on the height of the compound action potential of 

the frog skeletal muscle are concerned. Figure 5-A and B also show 
that with chlorpromazine concentrations ranging from 0.5 to 2.5 x ioe: 
g/ml, the equilibrium (steady state) between the muscle membrane and 
the chlorpromazine containing Ringer's seems to be reached after about 
120 minutes, because no appreciable further depression in the compound 
action potential amplitude and in the excitability occurs afterwards 
up to 180 minutes. 

Since in a chlorpromazine treated muscle the excitability is 
decreased (threshold increased), and the size of the compound action 
potential is either reduced or the action potential production is com- 
pletely blocked, it seems possible that such depressant effects are 
invoked by inhibiting the specific increase of sodium conductivity 
which normally follows an adequate stimulus. Such depressant effects 
of chlorpromazine are qualitatively similar to those previously repor- 
ted for procaine (Shanes, 1958; Taylor, 1959; Inoue and Frank, 1962), 
for diethyl ether (Inoue and Frank, 1965), for hexafluordiethylether 
(Inoue et al., 1967) and for ethyl alcohol (Inoue and Frank, 1967), 
and thus provide a basis for comparison with results obtained in the 
present study by using intracellular microelectrodes under similar 


experimental conditions. 
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ii. Studies with Intracellular Electrodes: Two micro- 
electrodes were used in these experiments, one for passing 2 msec 
depolarizing (stimulating) square-pulses through the membrane and the 
other to measure potential across the membrane. Figure 6 illustrates 
the typical action potentials recorded from single muscle fibres, and 
also several other general observations made in the course of this 
investigation. The upper line represents the zero potential level 
(electrode outside the fibre) and the lower line the potential when 
the microelectrode was inside the fibre. It can be seen from Table I 
that the resting membrane potential remain essentially unaltered by 
the chlorpromazine concentrations tried. The overshoot of the action 
potential is decreased by increasing BRAG nes tah chlorpromazine 
and is completely abolished by 5 x mee g/ml chlorpromazine (Figure 


6-C It can also be seen from Figure 6 and Table I that the "firing 


p° 
level" or the "critical level of the membrane potential" (previously 
defined as the difference between the resting membrane potential and 
the threshold depolarization) is slightly decreased with increasing 
concentrations of chlorpromazine. 

Some membrane electric constant measurements obtained with 
intracellular microelectrodes are summarized in Table I. Chlorproma- 
zine treatment produces an increase in the threshold depolarization and 
in the threshold current needed to initiate an action potential. A 
slight but not a significant increase in the threshold current as well 


as the threshold depolarization is observed by treating the muscle in 


i iia g/ml of chlorpromazine. However, when the muscle is immersed 
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CONTROL A CHLORPROMAZINE 


Ix10 ° g/ml 
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Figure 6. Effect of chlorpromazine on the intracellularly 
recorded action potentials from the frog sartorius muscle fibres. 
A, B, and C, are the control records from three separate muscles 
in Ringer's solution. A ,, By, and Cj, are the responses recorded 
after 180 minutes exposure to chlorpromazine. Upper traces 
represent stimulus current records; lower traces show the 
passive electrotonic depolarizations and the action potentials 
produced by 2 msec current pulses. 
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in Ringer's having 5 x Wie g/ml of chlorpromazine, the threshold 
depolarization is raised from 21.8 + 1.6 to 41.2 + 2.7 mV, representing 
an increase to about 2 times the control value. Concurrently the 
threshold current is increased from 1.7 + 0.04 to 3.1 + 0.22 x vee 
amperes, which indicates an approximate increase of about 1.8 times 
above the original values. The effects produced by chlorpromazine on 
the isolated frog skeletal muscle in the present study are comparable 
to those obtained with a wide variety of central nervous system depres- 
sant agents as reported previously by a number of investigators 
(Bishop, 1932; Straub, 1956a; Thesleff, 1956; Inoue and Frank, 1962, 
1965, 1967; Frank and Sanders, 1963; Frank and Pinsky, 1966; Hille, 
1966; Jhamandas, 1969). The data obtained in the present study 
suggests that the increase in threshold depolarization and the increase 
in the threshold current (depression of excitability) by chlorpromazine 
treatment cannot be assigned to the depolarization of the fibre mem- 
brane, but is most likely due to the inhibition of the specific 
increase in the sodium conductivity which is normally associated with 


membrane depolarization and the action potential production. 


iii. Effect on Current-Voltage Relation: When a square- 


wave pulse of polarizing current was applied to a muscle fibre through 
one of the inserted microelectrodes, an electrotonic potential with 
slowly rising and falling phases developed across the fibre membrane. 
This was recorded through the other microelectrode. When weak currents 


were employed, the depolarizing (catelectrotonic) and hyperpolarizing 















; a oa 
,wTisemgrquolds Yo In\a ~ OL x @ atived & 
) Pad 
, e 

rA ¢ ~. . . i] i? DN wed 
+ S08 oy o.L 4 o.IS mowi Seerlé1. et nolses, nial 


' 
42 Lane vole) .3sutsy Joqgnds e43 esata © Juode of sas 


= 












oJ 40.0 +). f mou? beens eon al Jnstiua & 
; — 
; ida to 5 i SJemixotgqs 2% ee3zothak dotd 
9 v0 booubetq atone? it - seulevy leatgixo ¢ 
F ¢ ; 4 ors 
i2 Jose97q silt al sloute fa teint n912 bsinlous 
, = * 
; vovien Inztinso fo viskiev shiw 6 dvkw benatsido 
3 ovo oO tad & ¥d yledotverq bs3zeoqsy es adm 
bite suc eel ,tislesiTt 8088)  duar32 tSEGLE- 
1 Aneyh COPE -atebasd bas Hops — Veer 
: ; <a 
Bt 5 IG SOfg ti banfesdo &teb srt . (Caer seabosmedh 32 OY 
4 objssixelogqsik blodasids ai 2a64379Nf Sd3 18d3 ado; 2 
; - & _ * 
gto! sf! }f9x9 16 noleasiqsb) stn9ttes blodeeidy ade ut 
i ‘Bsr IsLoqgey sid of bomiesen ed Jonms she Sn = 
y 7 
Pai 243 lo aottidkdat st3 og Sub vlodtf geom at jud , eniene 
J 90 joaks yi ton et dotiw YiivissuBre» mulbee arid not sag atonal 
e a « ON 
hn . 





4 ; : oi 
finsj30q—nolsse ofd Bap coe ee aaa 
oa ‘i = { - Ss 















y= 
i pe a - ; 
~Sibupe 8 asiW  :nobis ted. sgsafov-sdesy ee : 
4 - ‘ 
= i a = j 
at2aum B02 — saw 9 paistzolpg 20. ae. mali % 
” ~~ ae J 4 7 


: a 
, 4. 
mI0q Ii ne 


- : - 7 
° A r. 5 f. i 
; a OT 914 ¥ s T3355 ‘90 is 19 ie fi ‘be: 2e0 7 # 
" mes ri + : 7 ‘ ean - 


ot 


62 


(anelectrotonic) potentials induced by equal current pulses of opposite 
polarity were of equal size. However, as the current intensity was 
increased, the depolarizing potentials became progressively greater 
than the hyperpolarizing potentials induced by current pulses of equal 
strength. This excess in the size of the depolarizing potential has 
been called by Hodgkin (1938) as the "local response." 

Figure 7-A, B and C represent typical plots of the relation 
between applied current and generated potential of the fibres soaked 


in Ringer's solution; and Figure 7-A)> Bi> and C, show the correspond- 


dL 
ing counterparts after the specified chlorpromazine treatment. The 
potentials plotted were recorded at the end of 2 msec current pulses, 
only one concentration of chlorpromazine was tested on any one prepar- 
ation. Although several fibres were impaled from each muscle, only 

the data of five fibres at random were selected to construct the graphs 
in each case. Such a selection was felt necessary to prevent excessive 
overlapping of different symbols used to represent individual muscle 
fibres in every graph. Figure 7-A, B, and C indicate that there is a 
linear relation, passing through the origin, between the current and 
the change in the membrane potential evoked. However, a deviation 
from linearity (the local response) appears as the intensity of the 
depolarizing current is increased. In each case the slope was calcul- 
ated from the data obtained after passing hyperpolarizing pulses 
through the fibres in Ringer's solution without chlorpromazine (Figure 
7-A, B and C). The same linear regression line passing through the 


origin in the corresponding graph was drawn to fit the data procured 
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Figure 7. Effects of chlorpromazine treatment on the current-voltage 


relation of frog sartorius muscle fibres. The different symbols on 
each graph represent individual muscle fibres. A, B, and GC, are the 
control responses obtained from three separate muscles in Ringer's 
solution. Ay> B,, and C,, are the responses recorded after exposure 
to chlorpromazine for 180 minutes. For each muscle, the same linear 
regression line is drawn to fit the data obtained at the specified 
concentration. The potentials were measured at the end of 2 msec 
current pulses of the specified intensity. 
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after each drug treatment. It can be noticed (Figure 7-A)> By> and 
C)) that chlorpromazine does not alter the slope of this linear rela- 
tion, from which it can be concluded that the passive membrane conduc-— 
tance remains unchanged. The additional observation (Table P) cuat 
there is no significant difference in the membrane time constant (to) 
and the effective membrane resistance between the inside and the out- 
side of the fibres at the point of stimulation also indicate that the 
passive membrane conductance remains practically unaltered after the 
chlorpromazine treatment. 

The largest depolarizations recorded on all the graphs are 
the threshold depolarizations. The most obvious change produced by 
chlorpromazine treatment (Figure 7-A)> Bi> and C,) is a suppression 
of the “local response." At a concentration of Sex 10° emia chlor 
promazine a few of the muscle fibres became completely inexcitable. 
For the muscles where the threshold was increased the voltage-current 
relationship continued to fit the linear regression line above the 
previous threshold points (Figure 7-C,)- Such an effect suggests 
that chlorpromazine depresses or blocks excitability by inhibiting 
the specific increase in membrane sodium conductivity which is res- 
ponsible for "local response" and the rising phase of the action 
potential. Inoue and Frank (1962) have reported qualitatively similar 
effects of procaine treatment on the current-voltage relation of frog 


sartorius muscle fibres. 
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iv. Effect on the Maximum Rate of Rise of the Action 
Potential: In addition to being the underlying cause of the "local 
response" the increase in membrane sodium conductance which follows 
an adequate depolarization of the fibre membrane also is a major 
factor in determining the rate of rise of the action potential and 
the maximum amplitude of the action potential (Hodgkin, 1951; Shanes, 
1958). For this reason, the effects of drug treatments on these two 
parameters were investigated. In the analysis of these results, two 
relations pointed out by Hodgkin and Katz (1949, Equations Sc aideeo..) 
were especially useful. These are: 1) the maximum rate of change 
of the membrane potential is proportional to the net inward current 
due to the transfer of sodium ions from the outside to the inside of 
the fibre, and 2) at this point the sodium current is proportional to 
sodium permeability of the fibre and the difference in Seca sen 
and external sodium concentrations. Since at this time the net 
inward current is mainly due to inward transfer of sodium ions, the 
further assumption has been made here that the maximum rate of Tise 
of the action potential is proportional to the sodium permeability 
of the membrane during the rising phase of the action potential. 

It was pointed out earlier that studies with extracellular 
electrode technique showed that when chlorpromazine was used in a 
concentration of 2.5 x 10° g/ml, the equilibrium between the medium 
surrounding the muscle strip and the cell membrane was reached in 
about 120 minutes and after that no significant depression in the 


amplitude of the compound action potential and that of the excitab- 
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ility was noticed up to 180 minutes. Keeping in view these observations 
it was decided that experimental recordings should be made only after 
120 minutes exposure to chlorpromazine. Control recordings of normal 
and differentiated action potentials were made in Ringer's with normal 
(114 mf), low (57 mM) and high (171 mM) sodium before exposing the 
tissue to chlorpromazine. After 120 minutes in normal Ringer's and 
ees 10° g/ml chlorpromazine the first experimental recordings were 
made. The muscle was then soaked in Ringer's containing 5/7 mM - Nat 

Silas «Xx Tome g/ml of chlorpromazine for 30 minutes before further 
records were obtained. Finally, the muscle was exposed to Ringer's 
solution containing the usual amount of chlorpromazine anidw 7 tamil = Na* 
and the action potentials were again recorded after 30 minutes. Typical 
recordings of differentiated action potentials are shown in Figure 8. 

It can be noticed that treating the muscles with chlorpromazine had an 
effect similar to that of reducing the external Nae concentration. 

The quantitative data obtained from several fibres in four 
muscles before and after the treatment with chlorpromazine C2 Lk fone 
g/ml) and various external sodium concentrations on the maximum rate of 
rise of the action potentials are plotted in Figure 9. Interpreted in 
the light of the arguments presented earlier, these results suggest a 
competitive antagonism between the chlorpromazine and the sodium ions. 
The effect of 2.5 x sdieee g/ml of chlorpromazine contained in normal 
Ringer's (114 mM - Na‘) being approximately equivalent to a 50% reduc- 
tion in the extracellular Na’ concentration. Figure 9 illustrates that 


the inhibitory action of chlorpromazine could be overcome by raising 
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+ + 
rN WamNeNes B 57 mM-Na C 171 mM-Na 


CONTROL Pets eae — 
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Pees, eo 
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CHLORPROMAZINE | | | | 
500 V/sec 


25xI0 °g/ml 
H 
2 msec 
Figure 8. Differentiated, intracellularly recorded action potentials 


showing the effect of chlorpromazine on the maximum rate Of Tisesor 
the action potential. The fibres were stimulated with an extra- 
cellular pore electrode at a point distant from the recording elec- 
trode. The stimulus artifact appears at the start of each record. 
The peak of each record represents the maximum rate Or erise of 
the action potential under the specified condition. Responses were 
obtained from different fibres of the same muscle. Sodium concen- 
tration of the bathing solution is shown above the records. The 
control records (chlorpromazine = 0) with low and high sodium con- 
centration were obtained after 30 minutes soaking in each case. The 
muscle was exposed to normal Ringer's solution containing chlors 
promazine up to 120 minutes, and for at least 30 minutes in low and 
high sodium Ringer's containing chlorpromazine before each recording. 
A, B, and C, without chlorpromazine; Aj, Bj, and Clmmen oes 10-6 g/ml 
of chlorpromazine. 
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V/sec 
400 





uJ 
op) 
a 300 
Le 
O 
ae -6 
= 200 29x10 g/ml 
s CHLORPROMAZINE 
=) 
& 
x 1OO 
= 
O 
30 lOO ISO mM 
SODIUM CONCENTRATION 
Pigure J. Effect of extracellular sodium concentration and of 


chlorpromazine on the maximum rate of rise of intracellularly 
recorded action potentials. Upper curve, Ringer's solution without 
chlorpromazine; lower curve, with chlorpromazine 2 omex 10-6 g/ml). 
Mean and standard error derived from the mean values obtained in 
each of four separate preparations. Ordinate, maximum rate OLA rise 
of the action potential (V/sec); abscissa, sodium concentration of 


the bathing medium (mM). 
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the Na’ concentration in the external medium. 

Exposure to chlorpromazine reduced the size of the overshoot 
potential and addition of excess sodium (171 mM instead of 114 mM) to 
the extracellular fluid readily antagonized such an effect (Figure 10). 
These results also indicate a competitive antagonism between chlor- 
promazine and external sodium ions. A similar sort of competition 
between procaine and extracellular sodium ions has been reported in 
the frog sciatic nerve by Condouris (1961), and in the frog sartorius 


muscle by Inoue and Frank (1962). 
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14 mM-Na* B s7mM-Na® C iz mM=Nat 


ee = es 
CHLORPROMAZINE 
25x10 “g/ml 






(SR eee 


wh eae 


Figure 10. Effect of chlorpromazine on the overshoot of the 
intracellularly recorded action potentials. Sodium concentration 
of the bathing medium is indicated above the records. Groups of 
fibres were stimulated with an extracellular pore electrode kept 

at some distance apart from the recording electrode. The stimulus 
artifact appears at the start of each record. The horizontal line 
across the upper part of all the records represents zero potential. 
Time and voltage calibrations as indicated. 

Responses were obtained from different fibres of the same muscle. 
The control records (chlorpromazine = 0) with low and high sodium 
were taken after 30 minutes soaking in each case. The muscle was 
exposed to normal Ringer's containing chlorpromazine for 120 min- 
utes, and for 30 minutes respectively in low and high sodium Ringer's 
containing chlorpromazine before each peca anes A, B, and C, without 
chlorpromazine; Aj, By, and Cj, 2. Se a 6 g/ml of chlorpromazine. 

In this muscle the mean overshoot potential (mV + S.E.) under the 
various conditions was: A, 27.7 + 1.5 (10 fibres); B, 11.3 + 1.4 
(9ifi bres) 4 1G. 30.207 bd CLL fibres); Avis gkieoe et eee co fibres); 
By suit Get l £9 (7 fibres); and Cy> AnD tied. 8 (8 fibres). 
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(D) PROMETHAZINE: 

i. Studies with Extracellular Stimulation. Like chlor- 
promazine, preliminary tests showed that only a partial recovery of 
the excitability and the compound aceton potential was possible after 
the muscle strip had been treated with promethazine. For example, 
when the muscle was soaked for 30 minutes in 10 x 100 g/ml of prom- 
ethazine in Ringer's, a 30 to 45% recovery of the compound action 
potential and around 25 to 40% recovery of the excitability was achieved 
as compared with the original responses after repeated washings in 
Ringer's up to 2.5 to 3 hours. The per cent reversal of these res- 
ponses was even less marked when higher concentrations of promethazine 
were utilized. The probable reasons for the partial recovery were 
given previously under the description of the results of chlorpromazine. 
A time course study of the effects of various concentrations of prom- 
ethazine on the size of the compound action potential and on the excit- 
ability was therefore warranted. As mentioned in case of chlorpromazine, 
after the consecutive recording of 3 to 4 control responses in Ringer's 
solution the muscle strip was placed into the specified concentration 
of promethazine. Only one concentration was tested on any one prepara- 
tion. Recordings were made after every 15 to 30 minutes and were con- 
tinued up to 45 minutes to 5 hours depending upon the promethazine con- 
centration. Figure 11-A and B illustrate the results of all experiments 
with different amounts of promethazine on the size of the compound 
action potential and on the excitability respectively. The amplitude 


of the compound action potential is scarcely affected by 0.5 x ion 
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DURATION OF EXPOSURE TO PROMETHAZINE 
Figure ll. Effects of various concentrations of promethazine on 


(A) the maximum size of the compound action potential of frog 
sartorius muscles, and on (B) the excitability, calculated as 
the inverse of the threshold current. Figures in parentheses 
indicate the number of muscle strips used, the vertical bars 

represent + S.E. of the mean. 
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g/ml promethazine (Figure 11-A), however the excitability is reduced 
by about 15% as against the control after a 5 hour period (Figure 11-B), 
which means that most fibres in the muscle bundle are still excitable. 
With higher concentrations of promethazine, a progressive decline in 
the excitability and in the amplitude of the action potential is 
observed. The action potentials are almost completely blocked when 
the fibres are left for 45 minutes in 10 x ‘Vie g/ml promethazine 
(Figure 11-A), and the excitability is reduced by about 95% as com- 
pared with the control values (Figure 11-B). 

Inspection of Figure 11-A and B would indicate that with 
promethazine concentrations ranging from 0.5 to 2.5 x lon g/ml the 
equilibrium between the bathing solution and the muscle membrane seems 
to be reached after about 3.5 to 4 hours, since no further significant 
change in the size of the compound action potential and in the. €xcit— 
ability is observed afterwards up to 5 hours. In general, the effects 
produced by promethazine on the maximum size of the compound action 
potential and on the excitability of the frog skeletal muscle are 
qualitatively very similar to those obtained with chlorpromazine by 


using the extracellular stimulation technique. 


ii. Studies with Intracellular Electrodes. As described 
before, the standard procedure was to use two microelectrodes, one for 
stimulation and the other to record the potential change across the 
membrane. In each series of experiments the depolarizing current 


strength was increased in a stepwise fashion till the action potential 
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was generated. Promethazine increased the threshold depolarization 
and the threshold current in a concentration-dependent manner as shown 
by typical action potentials in Figure 12. Increasing concentrations 
of promethazine decreased the firing level or the eritacal level of 
the membrane potential. The overshoot of the action potential was 
reduced with 1.0 and 2.5 x 10° g/ml promethazine (Figure 12-A, and B,)> 
and was completely abolished with 5 x TOs g/ml promethazine (Figure 
12-C,). 

Some of the membrane electric constants determined by using 
intracellular electrodes with and without promethazine are displayed 
in Table II. It can be seen that promethazine does not affect the 
resting membrane potential. The threshold depolarization as well as 
the threshold current stay practically unchanged by 1.0 x ‘io g/ml 
promethazine. However, a significant increase in both phese parameters 
is noticed when the muscles are soaked into 2.5 x Op: atid = ex Tne 
g/ml of promethazine. It requires roughly twice the amount of current 
(e.g. 3.1 + 0.13 instead of L3G 2ee0>07 x Tom amperes) to initiate an 
action potential in the fibres treated Weil ox fo g/ml promethazine. 
At the same time the threshold fer sate is raised trom 25.3 + 1.2 
to 46.2 + 1.3 mV, indicating an approximate increase of 1.8 times the 
control values. It was interesting to note that the promethazine- 
induced effects on the threshold depolarization and threshold current 
were quantitatively similar to those observed with an equivalent amount 
of chlorpromazine (5 x fo7° g/ml, Table 1). Such effects are not 


unexpected ones because, apart from their pharmacological similarities, 
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IxlO° g/ml 
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2 5x1OeeG7aml 
5 x10 °g/ml 
lOO mV 
Sm sec 
Figure 12. Effect of promethazine on the intracellularly recorded 


action potentials from the frog sartorius muscle fibres. A, B, and 
C, are the control responses recorded from three separate muscles. 
Aj, By, and Cj, are the recordings done after 4 hours exposure to a 
specified concentration of promethazine. Upper traces show stimulus 
current records; lower traces indicate the passive electrotonic 
depolarizations and the action potentials produced by 2 msec current 
pulses. 
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the chemical and physical properties of these drugs are very close 


(Jarvik, 1970). 


tiie REEeCE Aon Ehe Current-Voltage Relation. The basis for 


studying the effect of depressant drugs on the current-voltage relation 
was discussed before. Typical examples of relations between applied 
current and generated potential before and after the promethazine 
treatment are shown in Figure 13. The potentials plotted were recorded 
at the end of 2 msec current pulses. Only one concentration of prom- 
ethazine was tested on any one preparation. Figure 13-A, B, and C 
represent the graphs plotted from the data of five fibres in each case, 
obtained from three separate muscles in Ringer's solution without 
promethazine. In the corresponding counterparts (Figure 13-A,; B,> and 
C,) the potentials were recorded after soaking the muscles — 4 hours 
into a specified concentration of promethazine. For each muscle the 
same regression line passing through the origin as that of the control 
was drawn to fit the data obtained after the drug treatment. It can be 
seen that with 1.0 x 10° ands 2 55 (x 10° g/ml of promethazine, the 
slope of the linear relation does not change, from which it can be con- 
cluded that the passive membrane conductance is unaltered. 

There is a slight increase in the membrane time constant 
(from 11.2 + 0.6 to 14.7 + 0.4 msec), and in the effective membrane 
resistance (from 252 + 7 to 268 + 6 K2) after the muscles are exposed 
tagst> 10E8 g/ml of promethazine (Table II). At the same time prometh- 


azine (5 x LODe g/ml) treatment has a tendency to produce a counter- 
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Figure 13. Effects of promethazine treatment on the current-voltage 
relation of frog sartorius muscle fibres. The different symbols on 
each graph represent individual muscle fibres. A, By and’ Cc, ale one 
control responses obtained from three separate muscles in Ringer's 
solution. Ay> By> and Cj, are the responses recorded after 4 hours 
exposure to promethazine. For each muscle, the same linear regression 
line is drawn to fit the data obtained at the specified concentration. 
The broken line in Cj represents the control linear regression line 
(promethazine = 0) superimposed to show the effect of promethazine 
treatment. The potentials were measured at the end of 2 msec current 
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clockwise rotation of the current-voltage curve (Figure 13-C,). Lt 
appears that such a rotation is a manifestation of the increased 
effective membrane resistance between the inside and the outside of 
the fibres at the point of stimulation. 

The largest depolarizations recorded on all the graphs are 
the threshold depolarizations. The most obvious change produced by 
promethazine is a suppression of the local response (Figure 13-A); B> 
and C,). In one of the muscles treated with 5 x 10° g/ml of prometh- 
azine, two fibres out of nine became completely inexcitable (no action 
potentials were produced) and for those in which the threshold depolar- 
izations were increased the voltage-current measurements also mostly 
fell on the linear regression line (Figure 13-C,). All these observa- 
tions when taken together suggest that the depression or the blockade 
of membrane excitability produced by promethazine seems to be by virtue 
of its inhibiting action on the specific increase in membrane sodium 
conductance which is usually responsible for the local response and 


the rising phase of the action potential. 


iv. Effect on the Maximum Rate of Rise of the Action Potential. 
Reasons were given previously (p. 17) for the assumption that the max- 
imum rate of rise of the action potential is proportional to the sodium 
permeability of the membrane during the rising phase of the action 
potential. Groups of fibres were stimulated with an extracellular pore 
electrode and the maximum rate of rise was determined by electrical 


differentiation of action potentials recorded with intracellular elec- 
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trodes. The procedure followed was precisely similar to that mentioned 
for chlorpromazine except that, following control recordings the muscle 
was treated with promethazine (5 x 10ac g/ml) for 4 hours (bathing 
solution being changed after every 20 to 30 minutes) before recording 
experimental action potentials. The muscle was later exposed to 57 mM- 
Na Ringer's with the same amount of promethazine dissolved for a period 
of 30 minutes before the records were obtained. Finally, the muscle was 
kept in 171 mM-Na* Ringer's containing promethazine and the action 
potentials were recorded after 30 minutes. Typical recordings are 
shown in Figure 14. Treating the fibres with promethazine had an 

effect similar to reducing the external sodium concentration. However, 
the reduction of the maximum rate of rise by promethazine was quickly 
antagonized by increasing the sodium concentration in the bathing 
medium. The results obtained in four experiments with pare g nen tae 

and various external sodium concentrations are shown in Figure 15. 

They suggest a competitive inhibition, with the effect of 5 x i0ae g/ml 
promethazine being approximately equivalent to a 50% reduction in the 
extracellular sodium concentration. In addition, it was found that 
raising the external sodium concentration to 171 mM would readily 
increase the size of the overshoot potential previously depressed by 


5am 107° g/ml promethazine (Figure 16). 
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Figure 14. Differentiated, intracellularly recorded action 
potentials showing the effect of promethazine on the maximum rate 
of rise of the action potential. The fibres were stimulated with 
an extracellular pore electrode at a point distant from the record- 
ing electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record represents the maximum rate of rise of 
the action potential under the specified condition. Responses were 
obtained from different fibres of the same muscle. Sodium concen- 
tration of the bathing solution is shown above the records. The 
control records with low and high sodium concentration were obtained 
after 30 minutes soaking in each case. The muscle was exposed to 
normal Ringer's solution containing promethazine up to 4 hours, and 
for at least 30 minutes in low and high sodium Ringer's containing 
promethazine before each recording. A, B, and C, without prometh- 
azine; Aj, B,, and Cj, 5 x 10-6 g/ml promethazine. 
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WY 
ar 
S 200 & 
po 5.0xl0 g/ml 
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SO lOO ISOmM 
SODIUM CONCENTRATION 
Figure 15. Effect of extracellular sodium concentration and of 


promethazine on the maximum rate of rise of intracellularly recorded 
action potentials. Upper curve, Ringer's solution without prometha- 
zine; lower curve, with promethazine (5 x 10-6 g/ml). Mean and 
standard error derived from the mean values obtained in each of four 
separate preparations. Ordinate, maximum rate of rise of the action 
potential in V/sec; abscissa, sodium concentration of the bathing 
medium in mM. 
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Figure 16. Effect of promethazine on the overshoot of the intra- 
cellularly recorded action potentials. Sodium concentration of the 
bathing medium is indicated above the records. The stimulus artifact 
appears at the start of each action potential. The horizontal line 
across the upper part of all the records indicates zero potential. 
Action potentials were recorded from different fibres of the same 
muscle. The control records with low and high sodium were taken 
after 30 minutes soaking in each case. The muscle was exposed to 
normal Ringer's solution containing pe aa for 4 hours, and 
for 30 minutes in high and low sodium Ringer's before each recording. 
A, B, and C, without promethazine; A), By, and Cj, 5 x 107 6 g/ml 
promethazine. In this muscle the mean overshoot soeuual (mV + 
S.E.) under the various conditions was: A, 28.5 + 1.4 (11 fibres); 
Bgel3 425-448. 268 ee @, 4371.63 i26,,G10 fibres); A ie 18.2 + 
1.7 (9 fibres); Bi> 158: 2.451) fibres); and Ci> 26 eye Le 8° 
(11 fibres). 
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(E) DIPHENHYDRAMINE (BENADRYL): 

i. Studies with Extracellular Stimulation. Because prelim- 
inary experiments showed an incomplete recovery (for example, after 30 
minutes exposure to 20 x to° g/ml of diphenhydramine the excitability 
usually returned to around 70 to 80% and the compound action potential 
to about 80 to 90% of the original value after two hours washing of 
the muscle fibres in Ringer's solution), a time course study of the 
effects of various concentrations of diphenhydramine on the amplitude 
of the compound action potential and on the excitability was done, as 
for chlorpromazine. The reasons for the partial recovery were outlined 
before. After making the control observations, the muscle strip was 
placed into diphenhydramine containing Ringer's and only one concentra- 
tion was tested on any given preparation. The measurements were made 
at 30 minute intervals and were continued for 1 to 4 hours depending 
upon the concentration being used. 

The results of all the concentration-effect relations are 
shown in Figure 17-A and B. The excitability and the maximum size of 
the compound action are very slightly affected with 0.25 x 10% g/ml 
diphenhydramine. However, a progressive depression of the action 
potential amplitude and of the excitability is seen with higher con- 
centrations of diphenhydramine. The height of the compound action 
potential is reduced to about 4 + 2.5% (Figure 17-A), and the excit- 
ability is decreased to about 9 + 3.2% (Figure 17-B) as compared with 
the control values after soaking the muscle for 60 minutes into 20 x 


107° g/ml diphenhydramine. Figure 17-A and B also show that the steady 
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DURATION OF EXPOSURE TO DIPHENHYORAMINE H Cl 


Figure 17. Effects of various concentrations of diphenhydramine 
on (A) the maximum size of the compound action potential of the 
frog sartorius muscles, and on (B) the excitability, calculated 
as the inverse of the threshold current. Figures in parentheses 
indicate the number of muscle strips used, the vertical bars 
represent + S.E. of the mean. 
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state (equilibrium) between the extracellular medium containing 
diphenhydramine (0.5 to 10 x iow g/ml) and the muscle fibre membrane 
seems to be reached after about 120 to 150 minutes, because no signif- 
icant further decrease in the height of the action potential and in 


the excitability occurs afterwards up to 240 minutes. 


ii. Studies with Intracellular Electrodes. Some of the 
measurements obtained with intracellular microelectrodes are summarized 
in Table III. It takes practically twice the amount of current (3220 
Q.2 instead of 1.6 420203 x ore amperes) to initiate an action poten- 
tial in the fibres previously exposed to 2.0 x Tou. g/ml diphenhydramine. 
Treating the muscles with 10 and 20 x 1080 g/ml diphenhydramine, the 
threshold depolarization necessary for the action potential production 
is changed from a control level of 24.5 + 0.5 to 32.0 + 1.3 mV and 
from 24.9 + 0.6 to 43.6 + 2.0 mV respectively. From these observations 
it follows that the excitability of the muscle fibre membrane is con- 
siderably depressed in the presence of diphenhydramine. No appreciable 
change in the resting membrane potential is observed. 

Figure 18 represents the typical action potentials recorded 
with two microelectrodes into the same fibre. It can again be seen 
that diphenhydramine increases the threshold depolarization and the 
threshold current needed to initiate an action potential, and decreases 
the firing level. The overshoot of the action potential is completely 
abolished with 20 x es g/ml diphenhydramine (Figure 18-B,). Complete 


blockade of the action potential production was noticed in few of the 
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—6 
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—6 

20xlO — g/ml 
100 mV 

5.msec 

Figure 18. Effect of diphenhydramine on the intracellularly 


recorded action potentials from the frog sartorius muscle fibres. 
A, and B, are the control responses recorded from two separate 
muscles. A,, Bj, are the recordings done after 2 hours exposure 
to a specified concentration of diphenhydramine. Upper traces 
show stimulus current records; lower traces indicate the passive 
electrotonic depolarizations and the action potentials produced 
by 2 msec current pulses. 
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fibres in the presence of 20 x 10° g/ml diphenhydramine. As in the 
case of chlorpromazine and promethazine, these effects suggest that 
diphenhydramine depresses or blocks membrane excitability by inhibiting 
the specific increase in membrane sodium conductivity which is respon- 


sible for the action potential generation. 


iii. Effect on the Current-Voltage Relation. The effects 


of diphenhydramine on current-voltage curves for 2 msec pulses are 
shown in Figure 19. Diphenhydramine produced a small but definite 
counterclockwise rotation of the regression lines. The amount of this 
rotation was about the same with 10 and 20 x sige” g/ml diphenhydramine. 
Since diphenhydramine also increased (Ge and the effective membrane 
resistance, this rotation therefore must have resulted from an increase 
in the effective membrane resistance. Soaking the muscles into diphen- 
hydramine-Ringer's solution either greatly diminished or completely 
eliminated the local response (Figure 19-A, and B,). Exposing isolated 
frog's sartorius muscle to ether also produces an increase in the ae 


and in the effective membrane resistance (Inoue and Frank, 1965). 


iv. Effect on the Maximum Rate of Rise of the Action 
Potential. Differentiated, intracellularly recorded action potentials 
showing the effect of diphenhydramine (5 x 10% g/ml) on the maximum 
rate of rise of the action potential are shown in Figure 20. The 
same experimental protocol as used for chlorpromazine was used in this 


case. Figure 21 illustrates the results of five such experiments done 
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Figure 19. Effects of diphenhydramine treatment on the current- 


voltage relation of frog sartorius muscle fibres. The different 
symbols on each graph represent individual muscle fibres. A and 

B are the control responses obtained from two separate muscles in 
Ringer's solution. A, and By are the responses recorded after 2 
hours exposure to diphenhydramine. The solid linear regression 
lines were drawn to fit the data obtained at the specified con- 
centration. The broken lines represent the control linear 
regression line (diphenhydramine = 0) superimposed to show the 
effects of diphenhydramine treatment. The potentials were meas- 
ured at the end of 2 msec current pulses of the specified intensity. 
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Figure 20. Differentiated, intracellularly recorded action 
potentials showing the effect of diphenhydramine on the maximum rate 
of rise of the action potential. The fibres were stimulated with an 
extracellular pore electrode at a point distant from the recording 
electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record represents the maximum rate of rise of 
the action potential under the specified condition. Responses were 
obtained from different fibres of the same muscle. Sodium concen- 
tration of the bathing solution is shown above the records. The 
control records with low and high sodium concentration were obtained 
after 30 minutes soaking in either case. The muscle was exposed to 
normal Ringer's solution containing diphenhydramine up to 2 hours, 
and for at least 30 minutes in low and high sodium Ringer's with 
diphenhydramine before each recording. A, B, and C, without diphen- 
hydramine; Aj, B,, and C,,; 5 x 107© g/ml diphenhydramine. 
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Figure 21. Effect of extracellular sodium concentration and of 


diphenhydramine on the maximum rate of rise of intracellularly 
recorded action potentials. Upper curve, Ringer's solution without 
diphenhydramine; lower curve, with diphenhydramine (5 x 107 g/ml). 
Mean and standard error derived from the mean values obtained in each 
of five separate preparations. Ordinate, maximum rate of rise of the 
action potential in V/sec; abscissa, sodium concentration of the 
bathing medium in mM. 
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with diphenhydramine and various external Na’ concentrations. They 
suggest a competition between the sodium ions and diphenhydramine. 

The decrease in the maximum rate of rise by diphenhydramine was 

quickly antagonized by raising Na’ in the bathing medium. In wadieee 
it was found that increasing the extracellular sodium concentration 
readily overcame the diphenhydramine-induced reduction of the over- 
shoot of the action potential (Figure 22). The observations that an 
augmentation of the extracellular sodium concentration counteracts 

the depressant actions of diphenhydramine on the rate of rise and the 
overshoot of the action potential lend further support to the mechanism 


of action for diphenhydramine proposed here and proposed previously by 


Weidmann (1955). 
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Fieure 22. Effect of diphenhydramine on the overshoot of the 
intracellularly recorded action potentials. Sodium concentration 
of the bathing medium is indicated above the records. The stimulus 
artifact appears at the start of each action potential. The horiz- 
ontal line across the upper part of all the records indicates zero 
potential. 

Action potentials were recorded from different fibres of the same 
muscle. The control records with low and high sodium were taken 
after 30 minutes soaking in either case. The muscle was exposed to 
normal Ringer's solution containing diphenhydramine for 2 hours, -and 
for 30 minutes in low and high sodium Ringer's before each recording. 
A, B, and C, without diphenhydramine; Aj, By, and Cj, 5 x 10-6 g/ml 
diphenhydramine. In this muscle the mean overshoot potential (mV + 
S.E.) under the various conditions was: A, 29.8 + 2.7 (10 fibres); 
B, 14.6 + 1.6 (8 fibres); C, 36.0 + 2.4 (11 fibres); Ay, 7.5 + 2.8 
(9 fibres); Bi> bs Sige, 22 (6 fibres); and C)> 2a 0 gt LT (i2 *fib7reEs):. 
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(F) SCOPOLAMINE (HYOSCINE): 

i. Studies with Extracellular Stimulation. Treatment of 
the muscle bundles with scopolamine diminished the excitability and 
reduced the amplitude of the compound action potentials in a reversible 
manner. The details of the procedure used for stimulation and record- 
ing can be found on page 54. The results of all experiments with this 
technique are summarized in Figure 23. Application of scopolamine in a 
mance of 0:25 to OF55> Were g/ml did not produce any apparent change 
both in the excitability and in the amplitude of the action potential. 
However, higher concentrations progressively depressed the excitability, 
and reduced the action potential height. A complete but reversible 
conduction block occurred after a lapse of 30 minutes when the muscles 
were exposed to 25 x 107 g/ml scopolamine. Restoration of responses 
from the highest concentration took place after about 60 rinutes washing 
in Ringer's solution. 

The addition of 25 x 10%e g/ml scopolamine hydrobromide reduced 
the pH of normal Ringer's solution from 7.6 to about 7.2. No correction 
of the pH was attempted, since the addition of alkali (NaHCO, or NaOH) 
would indirectly increase the sodium content of the Ringer's solution, 
and the latter would in turn affect the properties under investigation. 
Moreover, it was found that decreasing the pH of the normal Ringer's 
solution to between 7.2 to 7.3 produced no significant alteration in 
the amplitude of the compound action potential and in the excitability 
when compared with the control responses obtained in normal Ringer's 


fluid (pH 7.6). 
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Figure 23. Effects of various concentrations of scopolamine on 
excitability, calculated as the inverse of the threshold current, 
and on the maximum size of the compound action potential of frog 
sartorius muscle strips. Each mean and standard error was calcul- 
ated from the mean responses of each of six preparations. 
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The osmolarity of the Ringer's solution was slightly increased 
(from 234 to 246 milliosmols) after adding 25 x sem: g/ml of scopolamine 
hydrobromide. It will be shown later that such a trivial increase in 
the osmolarity is rather inconsequential when comparisons are made with 
those experiments performed under identical conditions with iso-osmolar 


concentration of sucrose (p. 160). 


ii. Studies with Intracellular Electrodes. Figure 24 shows 
superimposed records of the electrotonic potentials, the action potentials 
and the amounts of current required to produce these depolarizations 
in the fibre membrane with and without scopolamine. Some of the values 
obtained in experiments of this type are presented in mapie 1V.. inspec= 
tion of Figure 24 and Table IV indicates that both the threshold depol- 
arization and the threshold current are increased in the presence of 
scopolamine. The critical level of the membrane potential (firing 
level) and the overshoot potential are decreased by exposing the muscle 
fibres to solutions containing scopolamine. Often there was no over- 
shoot with 5 x 10a* g/ml scopolamine (Figure 24-C,), and in few fibres 
the peak of the action potential was actually below the zero potential 
base line. The resting membrane potentials remain unaltered in the 
scopolamine treated muscles (Table IV). The increase in the threshold 
current accompanied by an increase in the threshold depolarization, 
and the decrease in the overshoot potential indicate that the under- 
lying mechanism of action for scopolamine seems to be the depression 


of the sodium conductivity, the latter being so vital for the genera- 
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CONTROL SCOPOLAMINE 
A 


IxlO “g/ml 





25x10 g/ml 


5x10 g/ml 
100 mV 
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Figure 24. Effect of scopolamine on the intracellularly recorded 
action potentials from the frog sartorius muscle fibres. A, B, and 
C, are the control responses from separate fibres of the same muscle. 
Aj> Bi; and C,, are the recordings done after 30 minutes exposure to 
a specified concentration of scopolamine. Upper traces show stimulus 
current records, lower traces indicate the passive electrotonic 
depolarizations and the action potentials produced by 2 msec current 
pulses. 
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tion of action potential in the skeletal muscle membrane. 


iii. Effect on the Current-Voltage Relation. Figure 25 


reveals that scopolamine produces a counterclockwise shift of the 
current-voltage curves. The magnitude of this shift is approximately 
the same with 2.5 and 5 x 10 scopolamine. This counterclockwise 
rotation of the curves is most likely the manifestation of the increased 
effective membrane resistance. The increase observed in the tT and 

in the effective membrane resistance under the influence of scopolamine 
(Table IV) also conform with this suggestion. From these observations 
it may be inferred that the passive membrane conductance is also altered 
by scopolamine treatment. The other change produced by scopolamine is 
the suppression of the local potential (Figure 25), suggesting a spec- 


ific decrease of sodium conductivity in the fibre membrane. 


iv. Effect on the Maximum Rate of Rise of the Action 
Potential. The action of scopolamine on the differentiated intra- 
cellularly recorded action potentials in normal, low and high sodium 
Ringer's is shown in Figure 26. The soaking interval was 30 minutes 
in each case. Graph in Figure 27 shows the results of four such 
experiments. These results suggest a competitive inhibition, with the 
effect of 2.5 x 0a g/ml scopolamine being approximately equivalent 
to that of a 50% reduction in the external sodium concentration. It 
can be noted from Figure 26-C,, that the decrease in the maximum rate 


of rise of the action potential in the presence of scopolamine can be 
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Figure 25. Effects of scopolamine treatment on the current-voltage 
relation of frog sartorius muscle fibres. The different symbols on 
each graph represent individual muscle fibres. A, represents the 
control responses obtained from separate fibres of the same muscle 
in Ringer's solution; 8B, C, and D, are the responses recorded after 
30 minutes exposure to scopolamine. The solid linear regression 
lines were drawn to fit the data obtained at the specified concen- 
tration. The broken lines represent the control linear regression 
line (scopolamine = 0) superimposed to show the effects of scopola- 
mine treatment. The potentials were measured at the end of 2 msec 
current pulses of the specified intensity. 
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+ 
A 114 mM-Na B 57 mM-No* C iz mM-Na’ 
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SCOPOLAMINE 


—4 k 
2.5xI0 Qn a | eee | sown 
H 
2 msec 
Figure 26. Differentiated, intracellularly recorded action 


potentials showing the effect of scopolamine on the maximum rate of 
rise of the action potential. The fibres were stimulated with an 
extracellular pore electrode at a point distant from the recording 
electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record represents the maximum rate of rise of 
the action potential under the specified condition. Responses were 
obtained from separate fibres of the same muscle. Sodium concentra- 
tion of the bathing solution is shown above the records. The muscle 
was exposed to altered sodium and scopolamine concentrations for at 
least 30 minutes before each recording. A, B, and C, without scopo- 


lamine; A,» B and C,, 2.5 x 10°* g/ml scopolamine. 
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V/sec 
400 






o 300 
if 28 
L -4 
S oan T25x10 g/ml 
IJ SCOPOLAMINE H Br 
<I 
or 
= 7100 
= 
>< 
S 

O 

SO [OO ISO mM 
SODIUM CONCENTRATION 
Figure 27. Effect of extracellular sodium concentration and of 


scopolamine on the maximum rate of rise of intracellularly recorded 
action potentials. Upper curve, Ringer's solution without scopola- 
mine; lower curve, with scopolamine (2.5 x 10-4 g/ml). Mean and 
standard error derived from the mean values obtained in each of four 
separate preparations. Ordinate, maximum rate of rise of the action 
potential in V/sec; abscissa, sodium concentration of the bathing 
medium in mM. 
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overcome by increasing the sodium concentration in the extracellular 
medium. Similarly the scopolamine-induced depression of the overshoot 
potential can be restored by adding excess sodium to the Ringer's 


solution (Figure 28-C,). 
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CONTROL 


SCOPOL AMINE 
25x10 ‘g/ml 





Figure 28. Effect of scopolamine on the overshoot of the intra- 
cellularly recorded action potentials. Sodium concentration of the 
bathing medium is indicated above the records. The stimulus artifact 
appears at the start of each action potential. The horizontal line 
across the upper part of all the records indicates zero potential. 
Action potentials were recorded from separate fibres of the same 
muscle. The muscle was exposed to altered sodium and scopolamine 
concentrations for at least 30 minutes before each recording. A, 
B, and C, without scopolamine; Aj, By, and Cj, 2.5 x 10-4 g/ml 
scopolamine. In this muscle the mean overshoot potential (mV + SvEn) 
under the various conditions was: A, 26.7 + 1.8 (25 fibres); Bere. 9 
fol 6). (18. Pibtee eG. e 3562 t 2ed ele fibres); A,, (127574 16 s(i4 
fibres); B,, 0.54 1.4 (8 fibres); and C,, 26.2 + 1.2 (19 fibres). 
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(G) MEPERIDINE (DEMEROL): 

i. Studies with Extracellular Stimulation. The results 
obtained from five muscle strips treated with various amounts of 
meperidine-Ringer's solution are shown in Figure 29. Addition of 0.25 
and. 0.51 10> g/ml meperidine into Ringer's solution was almost without 
any effect on the compound action potential amplitude and on the excit- 
ability of the frog sartorius muscle fibres. However, transferring the 
muscle for 30 minutes into Ringer's containing 10 x One g/ml meperidine 
the height of the action potential was reduced to 19.8 + AP sec Vee fois 
the same time the excitability was depressed to about 64.9 + 6.6% as 
compared with the control responses. The recovery of the fibres from 
the highest concentrations of meperidine took place after about 60 to 


90 minutes following a 30 minutes exposure. 


ii. Studies with Intracellular Electrodes. Figure 30 shows 
the superimposed records of the subthreshold and threshold current 
pulses passed through one electrode and the resulting displacement of 
membrane potentials measured with the other. Measurements were taken 
from several fibres of different muscles with and without the presence 
of meperidine hydrochloride. The quantitative data thus obtained are 
summarized in Table V. Meperidine increased both the threshold depolar- 
ization of the fibre membrane and the amount of threshold current needed 
to generate action potentials. However, these effects of meperidine on 
the membrane excitability were not accompanied by any marked changes 


in the resting membrane potential (Table V). The size of the overshoot 
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S : 
3S SOL o----0 ACTION POTENTIAL “ 
Be N 
2 -—— EXCITABILITY Ne 
A) en | 2 at 
0.25 0.5 l.0 os) 50 |0.0x 10 
MEPERIDINE HYDROCHLORIDE CONCENTRATION (g/ml) 
Figure 29. Effects of various concentrations of meperidine on the 


excitability, calculated as the inverse of the threshold current, and 
on the maximum size of the compound action potential of frog sartor- 
ius muscle strips. Each mean and standard error was calculated from 
the mean responses of each of five or six preparations. 
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CONTROL A MEPERIDINE 


IxlIO.? g/ml 





2.5xl0 g/ml 


5x10 > g/ml 


lOO mV 





5 msec 


Figure 30. Effect of meperidine on the intracellularly recorded 
action potentials from the frog sartorius muscle fibres. A, B, and 
C, are the control responses from separate fibres of the same muscle. 
Aj» By; and Cj, are the recordings done after 30 minutes exposure to 
a specified concentration of meperidine. Upper traces show stimulus 
current records, lower traces represent the passive electrotonic 
depolarizations and the action potentials produced by 2 msec current 
pulses. 
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potential is either reduced (Figure 30-A, and B,)> or completely 


i. 
eliminated (Figure 30-C,) after the meperidine treatment. In majority 
of the fibres studied the peak of the action potential was below the 
zero potential base line when the muscles were immersed in solutions 
containing 5 x 10> meperidine. In addition, sporadic blockade of the 
action potentials was observed when 5 x to g/ml meperidine was 
applied to the fibres. 


Records A and C, in Figure 30 show that following the 


fee: 1 

meperidine treatment there is an apparent prolongation in the action 
potential duration as compared with the corresponding controls. How- 
ever, no quantitative measurements for the prolongation of the duration 
of the action potentials were attempted. These results suggest that 
apart from exerting its depressant actions on the sodium conductance, 
meperidine also tends to inhibit the increase in the membrane potassium 
conductivity which is normally associated with the falling phase of 

the skeletal muscle action potential. 

Comparison of the data in Table V would indicate that the 
effective membrane resistance, and the membrane time constant (ct) are 
slightly increased by applying meperidine to the frog sartorius muscle. 
These observations indicate that the input resistance (effective 
resistance) of the membrane at the point of stimulation stays practic- 


ally unchanged after meperidine treatment. 


iii. Effect on the Current-Voltage Relation. The effects 


of various concentrations of meperidine on the current-voltage relation 
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of the frog sartorius muscle fibres were determined in 3 to 4 muscles, 
and the results of a typical study are shown in Figure 31. The same 
linear regression line passing through the origin is drawn on all four 
graphs. It can be seen that meperidine does not alter the slope of 
this linear relation, which means that the passive membrane conductance 
remains unaltered. The records in Figure 31 also show that the predom- 
inant change brought about by meperidine (25 and 50 x 10°° g/ml) is 

the suppression of the local response (Figure 31-C and D), because all 
the points following the meperidine treatment fit closely on the 


linear regression line. 


iv. Effect on the Maximum Rate of Rise of the Action 
Potential. Typical differentiated action potentials recorded from 
single muscle fibres in normal Ringer's solution, and in Ringer's 
solution containing 0.5 times and 1.5 times sodium than the usual 
Ringer's are presented in Figure 32. As can be seen, treating the 
muscle with meperidine has an effect similar to that of reducing the 
extracellular sodium concentration. The results of four such experi- 
ments in which the maximum rate of rise was determined in altered 
sodium and meperidine concentrations are shown graphically in Figure 
33. They suggest a competitive inhibition, with the effect of 2.5 x 
10 g/ml meperidine being approximately equivalent to a 50% reduction 
in the extracellular sodium concentration. As mentioned earlier, 
exposure of the fibres to meperidine-Ringer's solution produces a 


diminution of the overshoot potential, the latter effect can largely 
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Figure 31. Effects of meperidine treatment on the current-voltage 


relation of frog sartorius muscle fibres. The different symbols on 
each graph represent individual muscle fibres. A, represents the 
control responses obtained from different fibres of the same muscle 
in Ringer's solution. B, C, and D, are the responses recorded after 
30 minutes exposure to meperidine. The same linear regression line 
is drawn on all four graphs. The potentials were measured at the 
end of 2 msec current pulses of the specified intensity. 
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Figure 32. Differentiated, intracellularly recorded action 
potentials showing the effect of meperidine on the rate Orerise 
of the action potential. The fibres were stimulated with an 
extracellular pore electrode at a point distant from the record- 
ing electrode. The stimulus artifact appears at the start of 
each record. 

The peak of each record indicates the maximum rate Of rise or 
the action potential under the specified concentration. Sodium 
concentration of the bathing medium is shown above the records. 
The muscle was exposed to altered sodium and meperidine concen- 
trations for 30 minutes before each recording. A, B, and C, 
without meperidine; Aj> By> and Cy> 2.5 x 10-> g/ml meperidine. 
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Figure 33. Effect of extracellular sodium concentration and of 
meperidine on the maximum rate of rise of intracellularly recorded 
action potentials. Upper curve, Ringer's solution without meperi- 
dine; lower curve, with meperidine (eo x 1022 g/ml). Mean and 
standard error derived from the mean values obtained in each of 
four separate preparations. Ordinate, maximum rate of ‘tise or 

the action potential in V/sec; abscissa, sodium concentration 

of the Ringer's solution in mM. 
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be antagonized by increasing the sodium concentration into the bathing 


fluid (Figure 34). 
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Figure 34, Effect of meperidine on the overshoot of the intra- 
cellularly recorded action potentials. Sodium concentration of the 
Ringer's solution is indicated above the records. The stimulus 
artifact appears at the start of each action potential. The 
horizontal line across the upper part of all the records indicates 
zero potential base line. 

Action potentials were recorded from different fibres of the same 
muscle. The muscle was exposed to altered sodium and meperidine 
concentrations for a period of 30 minutes before each recording. 

A, B, and C, without meperidine; Aj, By, and Cj, 2051 xr 1079 g/ml 
meperidine. In this muscle the mean overshoot potential (mV + 
S.E.) under the various conditions was: A, 28.2 + 1.4 (20 fibres); 
By 10.9 + 2.26 @etibres); C; 34.2 2.6 C19 fibrés);"— Ay, 16.o + 
127, (20 fibres <825.41.5 4.159 -(i3* fibres) and? GC, -19.6 tai. 

; 1 - ib - 
(9 fibres) 
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(H) MORPHINE: 

i. Studies with Extracellular Stimulation. The effects 
of morphine were studied on the isolated sartorius muscles of the frog. 
Application of morphine to the muscle bundles in concentrations of 
Pet5 to 1.02 108+ g/ml hardly affected either the amplitude of the 
compound action potential or the excitability of the fibres (Figure 
35). On the other hand, soaking the muscles into 25 x ‘ie g/ml of 
morphine for 30 minutes markedly reduced the size of the compound 
action potential (15.4 + 2.5%), and depressed the excitability to 62 
+ 3.1% as compared with the control responses. The recovery from this 
effect took place in about 45 to 75 minutes after the removal of the 
drug. 

Addition of 25 x ne g/ml morphine sulphate into the normal 
Ringer's solution produced a slight decrease in the pH, viz., from 
about 7.5 to about 7.2. No correction of the pH was made, and the 
reasons for not making such a correction were outlined before. Although 
the osmolarity of the ordinary Ringer's solution was slightly increased 
by the presence of 25 x eo g/ml morphine sulphate (from 233 to 240 
milliosmols), this much change in the osmolarity is of minor importance 
as will be shown under the effects produced by iso-osmolar sucrose- 


Ringer's solution (p. 160). 


ii. Studies with Intracellular Electrodes. The results of 
the experiments done with two microelectrodes into the same muscle 


fibre are listed in Table VI. Increasing concentrations of morphine 


Vit 
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Figure 35. Effects of various concentrations of morphine on the 
excitability, calculated as the inverse of the threshold current, 
and on the maximum size of the compound action potential of frog 
sartorius muscle strips. Each mean and standard error was cal— 
culated from the mean responses of each of six preparations. 
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produced an increase in both the threshold depolarization and the 
threshold current required to elicit a propagated action potential. 

As a consequence of the increased threshold depolarization, the firing 
level of the membrane was slightly decreased. The resting membrane 
potentials however remained essentially unaltered during the treatment 
with morphine (Table VI). 

Superimposed records of the stimulating (depolarizing) sub- 
threshold and threshold 2 msec current pulses and the simultaneously 
occurring changes in the membrane potential are illustrated in Figure 
36. It can be observed that in addition to its effects on the 
threshold depolarization and on the threshold current, the actions of 
morphine are characterized by a decrease of the overshoot potential 
which was completely eliminated (in large number of fibres) by 2.5 x 
io g/ml of morphine (Figure 36-C,). Quite often the action poten- 
tials failed to reach the zero potential base line, and occasionally 
the fibres were rendered totally inexcitable (did not fire action 
potential) when 2.5 x 10n g/ml morphine was added into the Ringer's 
solution. Like meperidine, treatment of the fibres with morphine con- 
siderably prolonged the duration of the action potential (Figure 36-B, 
and C,). After soaking the muscle for 30 minutes into 2.5 x Vi g/ml 
morphine-Ringer's solution, the action potential appeared to acquire 
a "bell-shaped" configuration; that is, both the rate of rise and the 
rate of fall of the spike were markedly reduced by morphine, and at 
the same time the peak of the action potential became broad (Figure 


36-C,). In contrast, the most commonly observed action potentials in 
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Figure 36. Effect of morphine on the intracellularly recorded 


action potentials from the frog sartorius muscle fibres. A, B, 
and C, are the control responses from separate fibres of the same 
muscle, A,, By, and Cj, are the recordings done after 30 minutes 
exposure to a specified concentration of morphine. Upper traces 
show stimulus current records, while the lower traces represent 
the passive electrotonic depolarizations and the action potentials 
produced by 2 msec current pulses. 
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normal Ringer's solution had a sharp and cusped peak with a high 
initial rate of rise and a rapid rate of fall (Figure 36-A, B and C). 
These results are suggestive that morphine, like meperidine, suppresses 
both the sodium and potassium conductance in the active membrane of the 


frog sartorius muscle fibres. 


iii. Effect on the Current-Voltage Relation. The actions 


of various concentrations of morphine on the current-voltage relation 
are presented in Figure 37. The same linear regression line passing 
through the origin is drawn on all the four graphs preceding and 
following the morphine application. Apparently, the slope of this 
linear relation does not change during the morphine treatment, from 
which it can be concluded that the membrane conductance in its passive 
state remains unaffected. However, the local response is slightly 
suppressed by morphine, since most of the points following morphine 
treatment fall on the linear regression line. 

Inspection of the data in Table VI would indicate that there 
are no marked variations between the controls and the morphine treated 
muscles, so far as the membrane time constant (t)> and the effective 
membrane resistance are concerned. These results further support the 
suggestion already made that the passive membrane conductance remains 


virtually unaltered by morphine treatment. 


iv. Effect on the Maximum Rate of Rise of the Action 


Potential. The effect of 2.5 x 105" g/ml morphine, along with various 
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Figure 37. Effects of morphine treatment on the current-voltage 
relation of frog sartorius muscle fibres. The different symbols 

on each graph represent individual muscle fibres. A, represents 

the control responses obtained from different fibres of the same 
muscle in Ringer's solution. B, C,; and D, are the responses recorded 
after 30 minutes exposure to morphine. The same linear regression 
line is drawn on all four graphs. The potentials were measured at 
the end of 2 msec current pulses of the specified intensity. 
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concentrations of Na’ in Ringer's solution, on the maximum rate of 
rise of the action potential is illustrated in Figure 38. The data 
obtained in this fashion from the differentiated intracellularly 
recorded action potentials (four experiments) are plotted in Figure 
39. It can be noted that the morphine-induced decrease of the maximum 
rate of rise of the action potential can be antagonized by increasing 
the Na’ content of the bathing medium, as indicated by record Cy in 
Figure 38 and also by Figure 39. 

The other most noticeable change produced by morphine (2.5 
x ce g/ml) is the reduction, or the complete elimination of the over- 
shoot potential (Figure 40-A, and B,)- Such an effect of morphine can 


likewise be overcome by the concomitant addition of sodium into Ringer's 


fluid (see record Cc) in Figure 40). 
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MORPHINE 
2.5xl0 g/ml 
H 
2 msec 
Figure 38. Differentiated, intracellularly recorded action 


potentials showing the effect of morphine on the rate of rise 

of the action potential. The fibres were stimulated with an 
extracellular pore electrode at a point distant from the record- 
ing electrode. The stimulus artifact appears at the start of 
each record. 

The peak of each record indicates the maximum rate of rise of 
the action potential under the specified concentration. Sodium 
concentration of the bathing medium is shown above the records. 
The muscle was exposed to altered sodium and morphine concentra- 
tions for 30 minutes before each recording. A, B, and C, without 
morphine; Aj,, By, and C,, gosee tot g/ml morphine. 
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Ld 
2 
= 300 
Lu 
2 —4 
Ls 20x10 g/ml 
= 200 MORPHINE SULFATE 
s g 
= 
x 1QQ 
<f 
Ss 
O nll heli 
SO lOO I50 mV 
SODIUM CONCENTRATION 
Figure 39. Effect of extracellular sodium concentration and of 


morphine on the maximum rate of rise of intracellularly recorded 
action potentials. Upper curve, Ringer's solution without morphine; 
lower curve, with morphine (2.5 x 1034 g/ml). Mean and standard 
error derived from the mean values obtained in each of five separate 
preparations. Ordinate, maximum rate of rise of the action potential 
in V/sec; abscissa, sodium concentration of the Ringer's solution in 
mM. 
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Figure 40. Effect of morphine on the overshoot of the intra- 
cellularly recorded action potentials. Sodium concentration of 
the Ringer's solution is indicated above the records. The stimulus 
artifact appears at the beginning of each action potential. The 
horizontal line across the upper part of all the records indicates 
zero potential base line. 

Action potentials were recorded from different fibres of the 
same muscle. The muscle was exposed to altered sodium and morphine 
concentrations for 30 minutes before each recording. A, Basandal, 
without morphine; Aj, By; and Cj, 2.5 x fon: g/ml morphine. In 
this muscle the mean overshoot potential (mV + S.E.) under the 
various conditions was: A, 25.1 + 1.9 (24 fibres) 37 BEss 2. ieee 264 
(16,£i1bres ie Gao Oelet 14,2. 619 fibres) is wAz—520 4st «2.3 4C17 fibres); 


By, 1.4 + 0.8 (13 fibres); and C,, 28.5 + 1.5 (18 fibres). 
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(I) GAMMA-HYDROXYBUTYRATE: 

i. Studies with Extracellular Stimulation. When applied 
to the muscle strips in the range of 0.5 to 1.0 x ior? g/ml gamma- 
hydroxybutyrate (GHB) did not significantly reduce the amplitude of 
the compound action potential, and likewise the excitability of the 
fibres remained almost unaffected (Figure 41). However, after 30 
minutes exposure to 15 x 1052 g/ml GHB the excitability was decreased 
to about 77 + 4.2% and the action potential size was reduced to 
roughly 66.1 + 5% as compared with the control responses. The depres- 
sion evoked by GHB in concentrations of 10 and 15 x 10m g/ml could be 
reversed in about 45 to 60 minutes; whereas with smaller concentra- 
tions the responses returned to the control level in about 30 minutes 


after the removal of the drug. 


ii. Studies with Intracellular Electrodes. The results 
obtained with various concentrations of gamma-hydroxybutyrate are sum- 
marized in Table VII. It was found that the increase in the threshold 
depolarization was accompanied by a slight increase in the threshold 
current after the fibres had been treated with GHB. The resting mem- 
brane potential remained almost unchanged in the solutions containing 
GHB. From Figure 42 it can be noted that with increasing concentra- 
tions of GHB the amount of the depolarization required to initiate a 
propagated action potential (threshold depolarization) was increased, 
and the firing level of the membrane was slightly decreased. The over- 


shoot of the action potential was nearly abolished when 10 x 10” g/ml 
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Oe 
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GAMMA -HYDROXYBUTYRATE (g/ml) 
Figure 41. Effects of various concentrations of gamma-hydroxybutyrate 


on excitability, calculated as the inverse of the threshold, and on the 
maximum size of the compound action potential of frog sartorius muscle 
strips. Each mean and standard error was calculated from the mean res- 
ponses of each of five or six preparations. 
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CONTROL hee MA-HYDROXYBUT YRATE 


! —3 
5xlO ~ g/ml 








lOxlO > g/ml 
C =o 
I5xlO “g/ml 
100 mV 
So msec 
Figure 42. Effect of gamma—-hydroxybutyrate on the intracellularly 


recorded action potentials from the frog sartorius muscle fibres. 

A, «Bs, ands, G.amemes the control responses from separate fibres of the 
same muscle. Aj, Bj, and: Gy, anesthe recordings done after 30 

minutes exposure to a specified concentration of gamma-hydroxybutyrate. 
Upper traces show stimulus current records, lower traces indicate 

the passive electrotonic depolarizations and the action potentials 
produced by 2 msec current pulses. 
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of CHB were added to the Ringer's solution. Following the immersion 

of the fibres into 15 x 10m g/ml GHB, the action potential often 
failed to reach the zero potential base line (Figure 42-C,), and in 

4 fibres out of 14 examined an action potential could not be initiated 
by electrical stimulation. After the application of 15 x 10 g/ml 
GHB, there appeared a considerable prolongation of the action potential 
duration, while the peak of the spike became broad instead of being 
cusped and sharp as observed in the untreated fibres (compare records 


C and C, in Figure 42). 


1 


iii. Effect on the Current-Voltage Relation. Typical 


records regarding the effect of different concentrations of gamma- 
hydroxybutyrate on the current-voltage relation are shown in Figure 

43. The same linear regression line was drawn through all fie four 
graphs. Treating the muscles with 5 and 10 x ner g/ml GHB did not 
alter the slope of this linear relation, from which it might be 

deduced that the passive membrane conductance remained almost unchanged. 
However, 15 x (ome g/ml GHB produced a counterclockwise rotation of the 
curve. Since GHB (15 x 10% g/ml) produced an appreciable increase of 
both the membrane time constant (t > and the effective membrane resist- 
ance (Table VII) such a rotation of the curve is most likely due to the 
increase of the iueeae.. Figure 43 also shows that the application of 
LOearid=LS x 10% g/ml GHB tends to suppress the local response, because 
most of the points following GHB treatment fall on the linear regression 


line as compared with the untreated controls. 
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Figure 43. Effects of gamma-hydroxybutyrate treatment on the 
current-voltage relation of frog sartorius muscle fibres. The 
different symbols on each graph represent individual muscle fibres. 
A, indicates the control responses obtained from separate fibres of 
the same muscle in Ringer's solution. B, C, and D, are the res- 
ponses recorded after 30 minutes exposure to gamma-hydroxybutyrate. 
The solid linear regression lines were drawn to fit the data 
obtained at the specified concentration. The broken line rep- 
resents the control linear regression line (gamma-hydroxybutyrate 
= 0) superimposed to show the effects of gamma-hydroxybutyrate 
treatment. The potentials were measured at the end of 2 msec 
current pulses of the specified intensity. 
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iv. Effect on the Maximum Rate of Rise of the Action 
Potential. Figure 44 illustrates the typical differentiated action 
potentials recorded from single cells with an intracellular micro- 
electrode while the fibres were stimulated by means of extracellular 
pore electrode. The data obtained from several fibres of three 
muscles kept in Ringer's solution having various concentrations of 
sodium and 15 x 10 g/ml GHB are shown in Figure 45. These results 
suggest a competitive inhibition, with the effect of 15 x Om. g/ml 
GHB being approximately equivalent to that of a 50% reduction in the 
external sodium concentration. The GHB-induced decrease in the 
maximum rate of rise of the spike can largely be overcome by increasing 
the amount of Na’ into the Ringer's fluid as revealed by record C, in 
Figure 44 and also by Figure 45. The other conspicuous change produced 
by GHB treatment is the reduction of the overshoot potential (Figure 
46). Such an effect of GHB can also greatly be antagonized by the 


subsequent addition of sodium into the surrounding medium (Figure 46-C,). 
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Figure 44. Differentiated, intracellularly recorded action 
potentials showing the effect of gamma-hydroxybutyrate on the 
maximum rate of rise. The fibres were stimulated with an extra- 
cellular pore electrode at a point distant from the recording 
electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record represents the maximum rate of rise of 
the action potential under the specified condition. Responses 
were obtained from separate fibres of the same muscle. Sodium 
concentration of the bathing solution is shown above the records. 
The muscle was exposed to altered sodium and gamma—hydroxybutyrate 
concentrations for at least 30 minutes before each recording. A, 
B, and C, without gamma-hydroxybutyrate; Aj» By; and Cj, 15.4xeL0%2 
g/ml gamma-hydroxybutyrate. 
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( V/sec) 
450 


400 


300 





5x10 “g/ml 
GAMMA-HYDROXYBUTYRATE 


MAXIMUM RATE OF RISE 
© 
& 





50 100 50 
SODIUM CONCENTRATION (mM) 


Figure 45. Effect of extracellular sodium concentration and of 
gamma-hydroxybutyrate on the maximum rate of rise of intracellularly 
recorded action potentials. Upper curve, Ringer's solution without 
gamma-hydroxybutyrate; lower curve, with gamma-hydroxybutyrate 
Cy 10-3 g/ml). Mean and standard error derived from the mean 
values obtained in each of three separate preparations. Ordinate, 
maximum rate of rise of the action potential in V/sec; abscissa, 
sodium concentration of the bathing medium in mM. 
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B G 
114 mM-Nat 57 mM- Nat 171 mM-Na* 









CONTROL 





A\ 


GAMMA-— 
HYDROXYBUT YRA 
I5xI0> g/ml 
mo 
5 msec 
Figure 46. Effect of gamma-hydroxybutyrate on the overshoot of 


the intracellularly recorded action potentials. Sodium concentration 
of the bathing medium is indicated above the records. The stimulus 
artifact appears at the start of each action potential. The horiz- 
ontal line across the upper part of all the records indicates zero 
potential. 

Action potentials were recorded from separate fibres of the same 
miscle. The muscle was exposed to altered sodium and gamma- 
hydroxybutyrate concentrations for at least 30 minutes before each 
recording. A, B, and C, without gamma-hydroxybutyrate; Aj, By; 
and Cj, 15 x 10-3 g/ml gamma-hydroxybutyrate. In this muscle the 
mean overshoot potential (mV + S.E.) under the various conditions 
was: A, 24.3 + 2.6 (19 fibres); B, 14.5 + 1.8 (10 fibres); C, 
B22 FOS Cee ibres);, Ay, 19-6 Teo (S tr ibres)) By. AS aed 
(13 fibres); sland Cy, 26.6.4 1.5 (11 fibres). 
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(J) GAMMA-BUTYROLACTONE. 

i. Studies with Extracellular Stimulation. The application 
of gamma-butyrolactone (GBL) to the sartorius muscle of the frog rever- 
sibly suppressed its excitability, and diminished the size of the com- 
pound action potential (Figure 47). Soaking the muscle bundle for 30 
minutes in Ringer's solution containing 12.8 x 10ne g/ml GBL caused a 
reduction of the action potential amplitude to about 52.1 + 3.3% while 
the excitability was depressed to about 57.6 + 4.1% of the control 
values. The recovery of responses from the highest concentration 
occurred after about 30 to 40 minutes following the removal of GBL 


from the muscle bath. 


ii. Studies with Intracellular Electrodes. Figure 48 
illustrates the superimposed records of the depolarizing pibtaresnold 
and threshold current pulses along with the simultaneously occurring 
voltage changes across the fibre membrane. Pre-treatment of the 
muscles with 6.4 and 12.8 x 10e g/ml of GBL markedly increased the 
amount of current needed for the initiation of the action potential. 
The threshold depolarization was increased, while the critical level 
of the membrane potential was slightly decreased under the influence 
of the increasing concentrations of gamma-butyrolactone. The other 
major change produced by GBL was the reduction, or the complete 
abolition of the overshoot potential. Quite often, the action poten- 
tials failed to reach the zero potential base line, and several of the 


fibres tested were rendered electrically inexcitable when 12.8 x hep 
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Figure 47. Effects of various concentrations of gamma~butyrolactone 


on the excitability, calculated as the inverse of the threshold cur- 
rent, and on the maximum size of the compound action potential of frog 
sartorius muscle strips. Each mean and standard error was calculated 
from the mean responses of each of five preparations. 
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Figure 48. Effect of gamma-butyrolactone on the intracellularly 
recorded action potentials from the frog sartorius muscle fibres. 

A, B, and C, are the control responses from separate fibres of the 
same muscle. Aj, By, and Cj, are the recordings done after 30 
minutes exposure to a specified concentration of gamma-butyrolactone. 
Upper traces show stimulus current records, while the lower traces 
represent the passive electrotonic depolarizations and the action 
potentials produced by 2 msec current pulses. 
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g/ml GBL were added to the Ringer's fluid. Records By and C, of 
Figure 48 clearly demonstrate that the duration of the action poten- 
tial was considerably prolonged, and the peak of the spike appeared 
broad following the immersion of the muscle into Ringer's solution 
containing 6.4 and 12.8 Be ie g/ml of gamma-butyrolactone. These 
observations indicate that both the rate of rise and the rate of fall 
of the action potential are considerably decreased by GBL treatment. 
The results of the experiments performed with dual micro- 
electrodes in the same muscle cell are listed in Table VIII. The 
excitability of the membrane was decreased with increasing concentra- 
tions of GBL, as was indicated by the increased threshold depolariza- 
tion, and the concomitantly increased threshold current required to 
generate a propagated action potential. Nevertheless, no significant 
difference was observed in the resting potentials among the Ronfirol 


fibres and those exposed to different concentrations of GBL. 


iii. Effect on the Current-Voltage Relation. Gamma- 


butyrolactone treatment brought about no significant change in the 
slope of the linear regression line (Figure 49). These results 
pointed out that GBL did not appreciably influence the conductance 
in the passively functioning membrane. The absence of any marked 
variations in the ae and in the effective membrane resistance among 
the GBL treated muscles and those immersed in ordinary Ringer's 
solution (Table VIII) strengthen the conclusion that the passive 


membrane conductance remains virtually unaltered by GBL treatment. 
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Figure 49. Effects of gamma-butyrolactone treatment on the 


current-voltage relation of frog sartorius muscle fibres. The 
different symbols on each graph represent individual muscle 
fibres. A, shows the control responses obtained from different 
Fibres of the same muscle in Ringer's solution. B, C, and D, 
are the responses recorded after 30 minutes exposure to gamma~ 
butyrolactone. The same linear regression line is drawn on all 
four graphs. The potentials were measured at the end of 2 msec 
current pulses of the specified intensity. 
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Nevertheless, the local potentials are suppressed following the applica- 
tion of G.4) angel 2.36" 105° g/ml GBL (Figure 49-C and D), indicating a 


specific decrease of sodium conductance in the fibre membrane. 


iv. Effect on the Maximum Rate of Rise of the Action 
Potential. Typical examples of the differentiated intracellularly 
recorded action potentials are shown in Figure 50. Treating the 
muscle with GBL had an effect similar to reducing the sodium concen- 
tration in the extracellular medium. The results obtained from four 
muscles are plotted in Figure 51. These results are indicative of a 
competitive inhibition, with the action of 12.8 x ‘Nor g/ml GBL 
roughly equivalent to that of a 50% reduction in the external sodium 
concentration. Apart from decreasing the rate of rise, exposure to 
GBL reduced the overshoot of the action potential (Figure 52). Sim- 
ultaneous addition of 171 mM sodium into the Ringer's solution antag- 
onized the effect of GBL, and restored the size of the overshoot 
potential approximately equal to the level observed in normal Ringer's 


solution (compare records A and C) in Figure 52). 
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A \14mM-Nat B57 mM_Nat® C 171 mM-Na* 


CONTROL . | 


A 






GAMMA- 
BUTYROLACTONE 
I2. 8x10 > g/ml 


Figure 50. Differentiated, intracellularly recorded action poten- 
tials showing the effect of gamma-butyrolactone on the rate OLerise 
of the action potential. The fibres were stimulated with an extra- 
cellular pore electrode at a point distant from the recording 
electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record indicates the maximum rate of rise of the 
action potential under the specified concentration. Sodium concen- 
tration of the bathing medium is shown above the records. The muscle 
was exposed to altered sodium and gamma—butyrolactone concentration 
for 30 minutes before each recording. A, B, and C, without gamma- 


butyrolactone; Aj» Bi» and C,> 12.8 x 1073 g/ml gamma-butyrolactone. 
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50 100. =150 mM 
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Figure 51. Effect of extracellular sodium concentration and of 
gamma-butyrolactone on the maximum rate of rise of intracellularly 
recorded action potentials. Upper curve, Ringer's solution without 
gamma-butyrolactone; lower curve, with gamma-butyrolactone (12.8 
se L072 g/ml). Mean and standard error derived from the mean values 
obtained in each of four separate preparations. Ordinate, maximum 
rate of rise of the action potential in V/sec; abscissa, sodium 
concentration of the Ringer's solution in mM. 
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+ 
A \14 mM-Na* B 57 mM-Na~ C 171 mM-Na 


CONTROL ig WR 
aes 


A, C, 


GAMMA- 
BUTYROLACTONE 
28x10 g/ml 















Figure 52. Effect of gamma-butyrolactone on the overshoot of the 
intracellularly recorded action potentials. Sodium concentration 
of the Ringer's solution is indicated above the records. The stim- 
ulus artifact appears at the beginning of each action potential. 
The horizontal line across the upper part of all the records 
indicates zero potential base line. 

Action potentials were recorded from different fibres of the same 
muscle. The muscle was exposed to altered sodium and gamma- 
butyrolactone concentrations for 30 minutes before each recording. 
A, B, and C, without gamma-butyrolactone; Aj; Bi> and Cj, 12.8ex 
10-3 g/ml gamma-butyrolactone. In this muscle the mean overshoot 
potential (mV + S.E.) under the various conditions was: A, 27.2 
ea dea (23 fibres); B, 12.9+ 1.7 (12 fibres); C, SJ avete oak 
(16 fibres); Aj, 14.6 + 1.5 (13 fibres); By, zero (10 fibres); 
and Cj, 24.7 + 1.4 (12 fibres). 
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(K) GAMMA-AMINOBUTYRIC ACID: 

i. Studies with Extracellular Stimulation. Figure 53 shows 
that the application of gamma-aminobutyric acid (GABA) in the range of 
238.8 to 258.2 milliosmols/liter (0.5 to 2.5 x 107° g/ml) did not 
appreciably affect the maximum size of the compound action as well as 
the excitability of the muscle fibres. On the other hand, the action 
potential amplitude was reduced to about 55.2 + 5.6%, and the excitab- 
ility was depressed to about 62.8 + 7.2% of the control level following 
Bre cres@fdat with 428 miltteanols/fiterg(20 x 10° g/ml) of GABA. ‘The 
recovery from the highest concentration of GABA was achieved after about 
45 to 60 minutes interval following a 30 minutes exposure. 

The addition of 20 x 10> g/ml GABA slightly decreased the 
pH of the normal Ringer's solution from about 7.6 to between 7.3 to 
7.4. No correction of the pH was made for the reasons given previously. 
It may be noted from Figure 53 that the concentrations of GABA have been 
expressed in milliosmols rather than in g/ml. Such a scale was chosen 
to easily compare the effects of various concentrations of GABA with 
the iso-osmolar concentrations of sucrose on the excitability, and on 
the amplitude of the compound action potential under identical con- 
ditions. It may also be remarked, that the isotonic concentration of 
the normal Ringer's fluid was in the neighbourhood of 234 milliosmols/ 
liter. The osmolarity of the solutions was frequently checked before 
and after the dissolution of the appropriate amounts of GABA into the 


Ringer's fluid. 
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GAMMA- AMINOBUTYRIC ACID (mosM) 
Figure 53. Effects of various concentrations of gamma-aminobutyric 


acid on excitability, calculated_as,the inverse of the threshold, and 
on the maximum size of the compound action potential of frog sartorius 
muscle strips. Each mean and standard error was calculated from the 
mean responses of each of six preparations. 
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ii. Studies with Intracellular Electrodes. Experiments 
with internal electrodes showed that following the exposure to GABA, 
the excitability of the fibre membrane was depressed, as indicated by 
both the increase in the threshold depolarization and the threshold 
current (Table IX). There was a tendency of the fibres treated with 
10 and 20 x 10> g/ml GABA to be hyperpolarized by about 4 to 6 milli- 
volts. The slight hyperpolarization of the fibre membrane in hyper- 
tonic solutions has been ascribed to the increased internal potassium 
concentration (Sperelakis and Schneider, 1968). It is likely that 
the resting potential changes produced by hyperosmotic solutions of 
GABA might have resulted from a higher internal potassium concentra- 
tion, [Ke 

Figure 54 illustrates the superimposed records of the passive 
electrotonic depolarizations and the action potentials produted by 2 
msec current pulses of different intensities. Record Cy clearly shows 
that GABA at a concentration of 20 x 10° g/ml (428 mosm.) markedly 
increased the threshold depolarization and decreased the firing level 
of the membrane as opposed to the fibres equilibrated in normal 
Ringer's solution. Increasing concentrations of GABA either reduced, 
or completely abolished the overshoot potential as shown in Figure 54. 
Associated with all these actions, there invariably occurred a prolong- 
ation of the action potential duration which became quite prominent 
after the treatment with 20 x 10m: g/ml GABA (Figure 54). In many 
fibres the peak of the action potential was actually below the zero 


potential base line when the muscle was immersed in a solution con- 
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Figure 54. Effect of gamma-aminobutyric acid on the intra- 
cellularly recorded action potentials from the frog sartorius 
muscle fibres. A, B, and C, are the control responses from 
separate fibres of the same muscle. Aj, By; and Cj, are the 
recordings done after 30 minutes exposure to a specified con- 
centration of gamma-aminobutyric acid. Upper traces show 
stimulus current records, lower traces indicate the passive 
electrotonic depolarizations and the action potentials produced 
by 2 msec current pulses. 
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taining 20 x si g/ml GABA; however, none of the fibres was rendered 
totally electrically inexcitable. In other words, even the highest 
concentrations of GABA did not prevent the initiation of the action 
potential. In contrast, gamma-hydroxybutyrate (as already described) 
at a relatively smaller concentration (15 x 1092 g/ml) completely 
blocked the action potential production in about 29% of the fibres 
impaled. It therefore seems that gamma-hydroxybutyrate has a compar- 
atively stronger depressant action on the frog muscle fibres than 


gamma-aminobutyric acid. 


iii. Effect on the Current-Voltage Relation. Treatment of 
the muscle with 5 x 100° g/ml GABA did not alter the slope of the 
current-voltage curve, however, 10 x 10 g/ml GABA produced a small but 
definite counterclockwise rotation of the regression line (Figure 55). 
The magnitude of this rotation became more pronounced with 20 ex ‘fe 
g/ml GABA as shown in Figure 55-D. Inspection of Table IX would 
indicate that increasing concentrations of GABA produced an increase 
in both the membrane time constant (t > and in the effective membrane 
resistance. These observations are indicative of the fact that the 
counterclockwise shift of the curves is most probably due to an 
increase in the effective membrane resistance between the inside and 
the outside of the fibre membrane at the point of stimulation. These 
observations suggest that the addition of GABA in a concentration 
range of 10 x 102 g/ml into the Ringer's fluid causes a suppression 


of the passive membrane conductance. 
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Figure 55. 





Effects of gamma-aminobutyric acid treatment on the 


current-voltage relation of frog sartorius muscle fibres. The 


different symbols on each graph represent individual muscle fibres. 
A, indicates the control responses obtained from separate fibres of 
the same muscle in Ringer's solution. B, C, and D, are the res- 
ponses recorded after 30 minutes exposure to gamma-aminobutyric 
acid. The solid linear regression lines were drawn to fit the data 
obtained at the specified concentration. The broken lines represent 
the control linear regression line (gamma~aminobutyric acid = 0) 
superimposed to show the effects of gamma-aminobutyric acid treat- 
ment. The potentials were measured at the end of 2 msec current 
pulses of the specified intensity. 


a 







\ r 


. e ’ ta SVN fe) 
\ ¥ } bas 
R }US ME Oats 
i. 
CM a “pee P~: 
yt OO Me, om” Or 
4 . 
we x ‘ 
; \ 
, 4 
¢ 
pio . 
| , 
% a ‘ i 
‘ 4 
is . 
oO ; "?r ‘ 
% : 


wid “pie Seed 1h 








ivetude 7 


i] 


oa Be 3o #20078. 
ae coe ee aie oy anion ics 
) > ames ah ay ee, a >. ? A teaaine Hig 
$4906 : SprAQuD > 21 
Ds . Pak & 





5 

















- 


ike), 


Figure 55-C and D also show that pre-treatment of the fibres 
with GABA greatly diminishes or completely eliminates the local poten- 
tial production, since almost all points fall on the linear regression 
line following the treatment with 10 and 20 x 10> g/ml GABA. These 
results indicate that the application of GABA in high enough concen- 
trations suppresses the increase in the sodium conductivity of the 


skeletal muscle membrane which produces the local potential (Hodgkin, 


1938). 


iy. Effect on the Maximum Rate of Rise of the Action 
Potential. Typical examples of the differentiated intracellularly 
recorded action potentials are shown in Figure 56. Treating the 
muscles with GABA had an effect similar to that of reducing the 
external sodium concentration. The data obtained from four eS ey 
are plotted in Figure 57 against the sodium concentration in the 
bathing medium. When the muscle was soaked into Ringer's solution 
containing 20 x AOR g/ml GABA and 171 mM sodium (tonicity of such a 
solution was approximately 526 milliosmols/liter) the amplitude of 
the differentiated action potential was markedly reduced (Figure 56-C,); 
instead of increased as observed with all drugs previously described. 
The maximum rate of rise of the action potential became approximately 
equivalent to that seen with a 50% reduction in the external sodium 
concentration (Figure 57), following the addition of GABA (20 x sea 
g/ml) into Ringer's solution (171 ™ - hans Similarly, dissolution 


OL 20r% oa g/ml GABA into Ringer's fluid containing elevated sodium 
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114 mM-Na~ 71 mM-No" 





CONTROL 
GAMMA- 
AMINOBUTYRIC ACID 
20x10 > g/ml 
500 V/sec 
Figure 56. Differentiated intracellularly recorded action potentials 


showing the effect of gamma-aminobutyric acid on the maximum rate of 
rise. The fibres were stimulated with an extracellular pore electrode 
at a point distant from the recording electrode. The stimulus artifact 
appears at the start of each record. 

The peak of each record represents the maximum rate of rise of the 
action potential under the specified condition. Responses were obtained 
from separate fibres of the same muscle. Sodium concentration of the 
bathing solution is shown above the records. The muscle was exposed 
to altered sodium and gamma-aminobutyric acid concentrations for at 
least 30 minutes before each recording. A, B, and C, without gamma— 
aminobutyric acid; Aj, B81; and Cj, 20 x 10-3 g/ml gamma-—aminobutyric 
acid. 
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Figure 5/7. Effect of extracellular sodium concentration and 


of gamma-aminobutyric acid on the maximum rate of rise of intra 
cellularly recorded action potentials. Upper curve, Ringer's 
solution without gamma-aminobutyric acid; lower curve, with 
gamma-aminobutyric acid (20 x 10-3 g/ml). Mean and standard 
error derived from the mean values obtained in each of four 
separate preparations. Ordinate, maximum rate of rise ors the 
action potential in V/sec; abscissa, sodium concentration of 
the bathing medium in mM. 
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(171 mM) caused a marked depression of the overshoot potential (Figure 
58-C,). In this respect the results produced by GABA are entirely 
opposite to rest of the drugs reported in the present study, because 
increasing the extracellular sodium concentration did not antagonize 
the effect of GABA, and instead produced an additional depression in 
both the maximum rate of rise and the overshoot of the action poten- 
tial. Evidence will be presented later to indicate that the GABA- 
induced depression of the excitability in the frog's skeletal muscle 
is most probably due to the hyperosmolarity (hypertonicity) of the 
solutions used rather than the narcotic action of GABA on the fibre 
membrane; since iso-osmolar concentrations of a pharmacologically 
inert substance like sucrose can also similarly suppress the responses 


under investigation. 
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A + B C 


114 mM-Na 17] mM-Na* 


57 mM-Nat 


A B C 
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CONTROL 





GAMMA - 
AMINOBUTYRIC ACID 
20x10 g/ml \ 100 mV 
5 msec 
Figure 58. Effect of gamma-aminobutyric acid on the overshoot of 


the intracellularly recorded action potentials. Sodium concentra- 
tion of the bathing medium is indicated above the records. The 
stimulus artifact appears at the start of each action potential. 
The horizontal line across the upper part of all the records 
indicates zero potential. 

Action potentials were recorded from separate fibres of the same 
muscle. The muscle was exposed to altered sodium and gamma-— 
aminobutyric acid concentrations for at least 30 minutes before 
each recording. A, B, and C, without gamma-aminobutyric acid; 

Aj, By, and Cy, 20 x 10-2 g/ml gamma-aminobutyric acid. In this 
muscle the mean overshoot potential (mV + S.E.) under the various 
conditions was: A, 26.8 + 1.8 (26 fibres); B, 11.8+ 1.6 (10 
fibres): (, 36-3 + 2.5 (12 fibres); Ay, 18.7 + 1.4 (8 fibres); 
PMP PE Ye ics, (UL gees rimmts th wx bye) apes ra (13 fibres). 
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(L) SUCROSE: 

i. Studies with Extracellular Stimulation. The object of 
these experiments was to compare the effects of GABA with iso-osmolar 
concentrations of sucrose on the isolated sartorius muscle of the 
frog. The results of the osmotically-induced depression of the excit— 
ability and of the maximum size of the compound action potential are 
summarized in Figure 59. Soaking the muscle for 30 minutes in Ringer's 
solution containing sucrose ranging from about 238.4 to 258.2 millios-— 
mols/liter (1.66 to 8.3 x hi g/ml) scarcely affected both the excit- 
ability and the height of the compound action potential. However, 
these responses were progressively decreased with higher concentrations 
of sucrose; and a concentration of about 428 mosm. (66.4 x Moses g/m1) 
caused a decrease in the size of the compound action potential to 
about 60.2 + 6.8%, and suppressed the excitability to about 70.5 7217 
of the control values. The recovery from the highest concentration of 
sucrose occurred after about 30 to 45 minutes washing of the muscle 
bundle in Ringer's fluid. These results are comparable to those 
obtained with iso-osmolar concentrations of GABA and provide a basis 
for comparison with results obtained by using intracellular micro- 


electrodes under similar experimental conditions. 


ii. Studies with Intracellular Electrodes. Table X is a 
summary of the experiments on muscles kept in hypertonic sucrose 
solutions. The significant change is the depression of the excitab- 


ility, as indicated by the increase of the threshold depolarization 
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Figure 59. Effects of various concentrations of sucrose on excit- 
ability, calculated as the inverse of threshold, and on the maximum 
amplitude of the compound action potential of frog sartorius muscle 
strips. Each mean and standard error was calculated from the mean 
responses of each of five preparations. 
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and the threshold current. Although there was no significant differ- 
ence in the resting membrane potential between the control muscles 
and those immersed into Ringer's fluid containing various amounts of 
sucrose yet there was a tendency for the fibres in the hypertonic 
solutions to be hyperpolarized by a few millivolts (Table X). The 
slight increase in the resting potential in hypertonic solution made 
by the addition of sucrose in frog Ringer's solution has been attributed 
to the higher internal potassium concentration (Freygang et al., 1964; 
Sperelakis and Schneider, 1968). 

Figure 60 illustrates the superimposed records of the 
depolarizing current pulses and the accompanying changes in the mem- 
brane potential before and after immersing the muscle in hypertonic 


sucrose solutions. Inspection of record C, would clearly indicate 


1 
that the threshold depolarization was increased and the critical level 
of the membrane potential was slightly decreased by the addition of 

66.4 x one g/ml sucrose (about 428 mosm.; approximately 1.83 times 

the osmolarity of normal Ringer's solution). The threshold increase 
was not maintained after the muscle was returned to Ringer's solution, 
i.e. the effect of sucrose was completely reversible. Thus the 

changes produced by hypertonic solutions of sucrose fitted those data 
obtained after the treatment with iso-osmolar concentrations of GABA. 
This agreement between the changes produced by GABA and sucrose suggests 
that the depression of the excitability produced by GABA does not seem 


to be due to its narcotic action on the skeletal muscle, but appears 


to be due to the hyperosmotic effect on the fibre membrane. 
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CONTROL A SUCROSE 


16.6x10 g/ml 





33.2x10 ° g/ml 


66.4x10 > g/ml 


100 mV 





5 msec 


Figure 60. Effect of hypertonic solutions of sucrose on the 
intracellularly recorded action potentials from the frog sartorius 
muscle fibres. A, B, and C, are the control responses from separate 
fibres of the same muscle . Aj, By, amd Cj, are the recordings done 
after 30 minutes exposure to a specified concentration of sucrose. 
Upper traces, show stimulus current records, lower traces indicate 
the passive electrotonic depolarizations and the action potentials 
produced by 2 msec current pulses. 
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iii. Effect on the Current-Voltage Relation. As shown in 


Figure 61 the current-voltage relation remained essentially unaffected 
after the addition of 16.6 x 107° g/ml of sucrose (about 282.4 mosm.) 
into the Ringer's fluid. In contrast, treatment with 33.2 x ri es g/ml 
sucrose (about 331 mosm.) produced a small counterclockwise rotation 

of the regression line, and the amount of this rotation was signifi- 
cantly increased with 66.4 x ares g/ml sucrose (about 428 mosm.). 
Reference to Table X would indicate that increasing concentrations of 
sucrose produced a progressive increase in both the effective membrane 
resistance and the membrane time constant (ae ) These additional 
observations suggest that the counterclockwise rotation of the current- 
voltage curves is most likely as a consequence of the increased effect- 
ive membrane resistance. These observations point out that like GABA, 
the iso-osmolar concentrations of sucrose can also cause a decrease in 
the passive membrane conductance. Furthermore, pretreatment of the 
fibres with hypertonic solutions of sucrose either greatly diminished 
or completely abolished the local response (Figure 61-C and D). These 
results show that the increase in the membrane sodium conductivity 
specifically responsible for the production of the local response is 


also suppressed under the influence of the hyperosmotic solutions. 


iv. Effect on the Maximum Rate of Rise of the Action 
Potential. Typical recordings of the differentiated action potentials 
prior to and after the treatment with 66.4 x ee g/ml sucrose are 


shown in Figure 62. Treating the muscle with hypertonic solutions had 
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2 7 x 20 
16.6x10 ~ g/ml 
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b4+—+ +--+ + 4 Seer St ott oe 
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SUCROSE 
= 20 
33.2x10 ~ g/ml 


SUCROSE 
66.4x10> g/ml 





+ 14 ~8 
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Figure 61. Effects of sucrose treatment on the current-voltage 
relation of frog sartorius muscle fibres. The different symbols on 
each graph represent individual muscle fibres. A, indicates the 
control responses obtained from separate fibres of the same muscle 
in Ringer's solution. B, C, and D, are the responses recorded after 
30 minutes exposure to sucrose. The solid linear regression lines 
were drawn to fit the data obtained at the specified concentration. 
The broken lines represent the control linear regression lines 
(sucrose = 0) superimposed to show the effects of sucrose treatment. 
The potentials were measured at the end of 2 msec current pulses of 
the specified intensity. 
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A B C 


171 mM -Na* 


114 mM-Na* 57 mM—Na* 


CONTROL 








SUCROSE 
66.4xl0 > g/ml 





as wv | 500V/sec 


H 
2 msec 


Figure 62. Differentiated, intracellularly recorded action 
potentials showing the effect of hypertonic solutions of sucrose 
on the maximum rate of rise. The fibres were stimulated with an 
extracellular pore electrode at a point distant from the recording 
electrode. The stimulus artifact appears at the start of each 
record. 

The peak of each record represents the maximum rate of rise of 
the action potential under the specified condition. Responses 
were obtained from separate fibres of the same muscle. Sodium 
concentration of the bathing solution is shown above the records. 
The muscle was exposed to altered sodium and sucrose concentra- 
tions for at least 30 minutes before each recording. A, B, and 
C, without sucrose; Aj,, By, and Cj, 66.4 x 10-3 g/ml sucrose. 
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an effect similar to reducing the external sodium concentration. The 
results obtained in four experiments of this type are plotted on the 
graph shown in Figure 63. Exposing the muscle fibres to a solution 
containing 171 mM sodium and 66.4 x One g/ml sucrose (tonicity of 
this solution was about 530 milliosmols/liter) decreased the maximum 
rate of rise of the action potential; the magnitude of the latter 
became approximately equivalent to that observed with a 50% reduction 
in the extracellular sodium concentration (Figure 63). The overshoot 
potential was also decreased by the presence of 66.4 x 1OGe g/ml 
sucrose and 1.5 times the usual concentration of sodium (171 mM instead 
of 114 mM) in the bathing fluid as shown by Figure 64. Since all the 
effects of GABA on the maximum rate of rise and the overshoot of the 
action potential can be duplicated by iso-osmolar concentrations of 
sucrose, hence it is suggested that most, if not all, of the GABA- 
induced depression of the excitability in the frog's sartorius muscle 
is owing to the hyperosmotic action of the solutions on the fibre 


membrane and not due to the anesthetic effect of the drug as per se. 
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© 
Li 
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SUCROSE 
90 l00 [50 
SODIUM CONCENTRATION (mM) 
Figure 63. Effect of extracellular sodium concentration and of 


sucrose on the maximum rate of rise of the intracellularly recorded 
action potentials. Upper curve, Ringer's solution without sucrose; 
lower curve, with sucrose (66.4 x 1073 g/ml). Mean and standard 
error derived from the mean values obtained in each of three sep- 
arate preparations. Ordinate, maximum rate of rise of the action 
potential in V/sec; abscissa, sodium concentration of the bathing 
medium in mM. 


170 





A \14mM- Nat B 57 mM-Nat C  171mM-Nat 
CONTROL 
SUCROSE 
66.4x10 “g/ml 
100 mV 
——1 - 
5 msec 
Figure 64. Effect of hypertonic solutions of sucrose on the 


overshoot of the intracellularly recorded action potentials. 
Sodium concentration of the bathing medium is indicated above 
the records. The stimulus artifact appears at the beginning 
of each action potential. The horizontal line across the upper 
part of all the records indicates zero potential. 

Action potentials were recorded from separate fibres of the 
same muscle. The muscle was exposed to altered sodium and sucrose 
concentrations for at least 30 minutes before each recording. A, 
B, and C, without sucrose; Aj, By, and Cj, 66.4 x 10-3 g/ml 
sucrose. In this muscle the mean overshoot potential (mV + Bebe) 
under the various conditions was: A, 29.7 + 2.1 (29 fibres); 
B, 14.2 + 1.8 (12 fibres); C, 38.6 + 2.2 (14 fibres); Aj, 22 
Sale eae fibres Bi, 1.6'+ 2.7038 fibres); and Ci> 24.4 +1. 
(12 fibres). 
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CHAPTER V. DISCUSSION. 


Although a number of in vivo techniques are used for the 
Screening and evaluation of compounds for local and general anesthetic 
activity, direct electrophysiological investigations of the electrical 
properties of the isolated muscle, nerve or cerebral cortex have con- 
siderable advantages. For example, the modification of the electro- 
physiological measurements following the application of depressant 
drugs to isolated preparations not only allow more precise comparisons 
of the potencies of a variety of different compounds, but can also 
help to elucidate the mechanism involved in the conduction block. 
Another advantage of the isolated preparations is that they permit 
investigations of the physical chemical factors such as the effect of 
alteration in pH on the ionization of the anesthetic solution, and 
the active moiety of the anesthetic molecule (cation or anion) respon- 
sible for the blockade of impulse transmission (Skou, 1954; Ritchie 
and Greengard, 1961). The classical methods used for the evaluation 
of the effectiveness of the local and general anesthetics require 2 
rather large number of determinations for reasonable accuracy and the 
subjective nature of some of these tests is apt to be source of error 
(Bennett et al., 1942). Nevertheless, tests of local tissue reactions 
and general toxicity in the intact animals are invariably required 
before any local or general anesthetic, or a general central nervous 


system depressant drug can be declared safe for therapeutic use. The 
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importance of the isolated nerve and nerve muscle preparations for 
testing and evaluation of local anesthetics has been stressed by 
Camougis and Takman (1971). 

In the Results section, the effects produced by each drug 
on the passive and active properties of the muscle membrane have been 
dealt under different sub-headings and are quite descriptive. There- 
fore the changes noticed in the excitability will be briefly discussed 
and the supportive evidence from the literature for such changes will be 
sought. It may, however, be remarked in the beginning that the sub- 
sequent interpretation will apply to all the drugs used in this study 
except GABA, because the mechanism of GABA-induced depression of 
excitability seems to be different than of the other drugs. 

Studies with extracellular electrodes showed that increasing 
concentrations of chlorpromazine, promethazine, diphenhydramine, 
scopolamine, meperidine, morphine, gamma-hydroxybutyrate and gamma- 
butyrolactone caused a progressive depression of the amplitude of the 
compound action potential and the excitability of the muscle fibres. 
The intracellular recordings from individual cells also showed that 
all these drugs produced a depression in the membrane excitability, as 
indicated by both the increase of threshold depolarization and the 
threshold current required to generate a propagated action potential. 
The resting membrane potential however remained almost unchanged. 
There is now ample amount of evidence to suggest that the onset of 
the electrical activity in nerve and skeletal muscle depends upon a 


selective and momentary increase in the permeability of the surface 
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membrane to sodium ions, followed by a relatively prolonged increase 
in the permeability to potassium ions. The increased sodium conduc- 
tance is responsible for the rising phase of the action potential and 
for the reversal of the membrane potential (Hodgkin, 1951). Inter- 
preted in terms of the ionic hypothesis, the aforementioned results 
Suggest that the sodium current in the active membrane is reduced in 
the drug treated muscles. Thus the suppression of the excitation and 
the amplitude of the action potential by the drugs tested appear to 
be related to a depression of the sodium ion permeability of the 
active membrane of the muscle fibre. 

Treatment of the muscles with chlorpromazine, promethazine, 
morphine, meperidine, gamma-butyrolactone and low concentrations of 
gamma-hydroxybutyrate (5 and 10 x 10 g/ml) did not produce any 
alteration in the current-voltage relation curves. These observations 
suggest that the passive membrane conductance remains unaltered after 
the application of these drugs to the skeletal muscle. Inoue and 
Frank (1962) have reported similar effects with procaine on frog 
sartorius muscle fibres. In contrast, promethazine (5 x 10m. g/ml), 
diphenhydramine, scopolamine, and high concentrations of gamma- 
hydroxybutyrate (15 x ae g/ml) produced a counterclockwise rotation 
of the curves. Since the application of these drugs also increased 
the membrane time constant, the change in the current-voltage curves 
must have resulted from an increase in the effective membrane resis- 
tance between the inside and the outside of the fibre at the point 


of stimulation (Hodgkin and Rushton, 1946; Fatt and Katz, 1951). 
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Measurements obtained in the present experiments showed that prometh- 
azine (5 x hone g/ml), diphenhydramine, scopolamine, and higher con- 
centrations of gamma-hydroxybutyrate caused an increase of the 
effective membrane resistance. These observations provide further 
evidence for the statement that the counterclockwise rotation of the 
current-voltage curves must be as a consequence of the increased 
effective resistance of the membrane. Treatment with ether has also 
been shown to cause an increase in the membrane time constant, and 
the effective membrane resistance of the skeletal muscle (Inoue and 
Frank, 1965). 

Studies of the current-voltage relation revealed two addi- 
tional changes common to all the drugs and which also indicated an 
action on the sodium conductivity. These changes consisted of: (1) 
the suppression of the ‘local response', and (2) the ability to produce 
larger depolarizations without the production of the propagated action 
potentials. There now exists considerable body of evidence to suggest 
that the ‘local response' and the rising phase of the action potential 
are produced by a selective increase in sodium conductance of the 
fibre membrane (Hodgkin, 1951; Shanes, 1958). The observed depression 
of the 'local response' and the increase in the threshold depolarization 
both suggest that the drugs reported in the present study depress 
electrical excitability by interfering with the specific increase in 
sodium conductance accompanying the excitation of the fibres. It seems 
likely that the increase in the threshold value of the membrane 


depolarization for action potential production by all these drugs is 


acl 


















~ijemoxq Jets bsawoia veces onseoxgq sit ak apne eineasiveasi 
ee 


~aeo Tsigth bas .Sstimhlogtoe ,.snimetbedasighbh Cag, aa x @) santa z 


sid te sagoi90t oy bonus oJerysudyxorbyst-aamng to can si3an0 : 
tS5d 33% sbi vorg enottjavisedo sesfT .sonstatesy snevdase evissstie 


*ft3 Yo aolts3o7x satwisolste3aves $i Seda IRIS ods 20% ssasbive 


bsese1ont at Yo Sosmsupseno> & as sd Jaum eeviu2 oge2low-acisrqw9 


_— at 2 
oelis eed tonite do kw Semaine? -sastdmem ad+ to Sofetaltesy svissstis - 


i 
e 


bons ,jnsjenoo emi? snerdmsm oft mt Sesotont os saves 2 ovoda ped 


bas suvonl) siseun Istsiete sft na conadebaox sastdasm oveesuee ag f 


* (R8RE port, 

i re ave : 

~rbbs ows balesverx nskeiban Sens LovesenzaeD sd3 ito esibus2 . 
“So 

ns bsdactbat cele dotdw brs Bguth sd3 Ife 03 sommoo esgaaiio Reaokt” 


& id - 


([) :t0 betatenos esgasro seed wateldantena mutboe neice! no 
exten 

souboig o3 yiiiide sa (S$) bam .'eeanoqesa Level! sd Yo roteeorague ay: 

nolios betegsqoxq efi to noktoybotq siz auedsiw eaolseatxsLogab 


Jeesggue 03 Sonebive Yo ybod sidessbienoo eiaixe won oxedT . 











~ ar s 
{sitnaioq Aolios ody to seadq gutets ads bus ‘naaoqioy Ievot! rae 


een 2 


9i1 io ssactnabacs auvibo & al eatexagh outpoalians 8 “ eomong oon 
| WP) Ger 
noleesirgeb hovebullc odT .(820L , eshaslé anton sae oaszdkoe | je 
‘ Phrase As. <i = 
HOt Sasi xelogab blodeauds ait rd as 425. 7 


be ie) per ir.c) 4 Pane’ etign 
. se lar Wath or si a” a : eben! 


“e bate haha 2 = me, 


7 1 sp 7 ‘ ro wr ? " 


_ 












“ay 
1 


176 


responsible for the observed increase in the threshold current. The 
observed increase in the threshold depolarization will also account 

for the slight decrease of the critical level of the membrane potential. 
The results obtained with procaine (Inoue and Frank, 1962) and ether 
(Inoue and Frank, 1965) also indicated an increase of the threshold 
depolarization and a suppression of the 'local response' in the 
sartorius muscle of the frog. 

It was mentioned before (p. 15 ) that according to the 
ionic theory of membrane excitability the rate of rise and the over- 
shoot of the action potential depend upon the sodium permeability, 
and the concentration gradient of sodium ions in the external medium 
(Hodgkin and Katz, 1949; Nastuk and Hodgkin, 1950). Electrophysiol- 
ogical studies have demonstrated that the anesthetics and the sodium 
ions behave as competitive antagonists (Crescitelli, 1952; Condouris, 
1961; Inoue and Frank, 1962, 1965, 1967; Inoue etital S 1967; 
Shakalis and Condouris, 1967). The competitive antagonism hypothesis 
predicts that in a sodium-deficient medium the depressant action of 
the anesthetics would be intensified, whereas such an effect should 
be antagonized by raising the concentration of sodium ions in the 
bathing medium. In the present investigation it has been shown that 
addition of excess sodium (171 mM) into the extracellular medium 
antagonized the depressant action of all the aforementioned drugs on 
the rate of rise and on the overshoot of the action potential (used 
as a measure for sodium inward current). These findings not only 
lend a further support to the mechanism of action (i.e. sodium depres- 


sant effect) proposed here for the drugs used in this study, but also 
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substantiate the proposals made previously. Shanes (1958, 1963) has 
reviewed many studies that demonstrate a summation of the effects of 
local anesthetics and the treatments which decrease sodium currents, 
e.g. low external sodium, and depolarization by elevated external 
potassium or by applied electrical currents. He also quotes the 
experiments which indicate an antagonism between local anesthetics 
and treatments which enhance sodium currents, e.g. high external 
sodium, veratrine, and hyperpolarization by applied electrical cur- 
rents. 

There are several observers who support the view that a 
number of local and general anesthetics and many other drugs having 
general central nervous system depressant effects all block excitab- 
ility in the active membrane by inhibiting the specific increase in 
membrane sodium conductivity. foomles of such studies have already 
been described in Chapter II. The significant point, of course, is 
to determine the precise nature of this sodium current reduction by 
anesthetics and other drugs producing narcosis, since this information 
may be of value in elucidating the mechanism operating at the molecular 
level. At present we can only speculate as to the nature of the 
interference, but sodium-potassium theory of the nerve impulse offers 
several interesting possibilities. Some of the speculations which 
have been made regarding the interfering mechanism of the anesthetics 
in the membrane (.e.g. closing or clogging of the sodium channels by 
the anesthetic agents, or the inactivation of the "sodium carrying 


system"), have been mentioned before (p. 32). 
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Hodgkin and Huxley (1952) have suggested that the sodium 
ions cross the cell membrane with the aid of a hypothetical "sodium 
carrying system" rather than by simple diffusion. They also showed 
that the rate of change in the sodium conductance is a function of the 
membrane potential, and the magnitude of the sodium current depends 
upon the activation of the "sodium carrying system" and the sodium 
concentration gradient across the membrane. It has been postulated 
that the anesthetic agents cause a reduction in the availability of 
the "sodium carrying system" and thus decrease the conductance of 
sodium in the active cell membrane (Weidmann, 1955; Thesleff, 1956). 
In a very recent article Frank (1970) has also made a parallel sugges- 
tion regarding the inhibition of the "sodium carrying system" by the 
local and general anesthetics as well as other central Speeney aan 
That the conduction block produced by certain local and general anes- 
thetic agents can be counteracted by passing hyperpolarizing currents 
through the resting membrane (Weidmann, 1955; Inoue and Frank, 1965), 
has led to the belief that hyperpolarization of the membrane brings 
about the activation of the "sodium carrying system'' which is rendered 
inactivated under the influence of the anesthetic drugs. In spite of 
the fact that practically nothing is known about the nature of the 
mechanisms which transport sodium and potassium across the membrane 
during activity, nonetheless inhibition of the "sodium carrying system" 
offers a working basis for studies on conduction block in nerve and 
muscle. Although the present experiments provide no evidence for such 


a mechanism of action (the "sodium carrying system"), but it seems 
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probable that this mode of action might also be involved for the drugs 
reported in this study. 

In concluding it may be stated that a great variety of hetero- 
genous group of centrally acting drugs currently classified according to 
their enerarearie use as sedatives, tranquilizers, analgesics and anti- 
histaminics have one important property in common, that is, they all 
produce an anesthetic-like effect when applied to the isolated sartorius 
muscle of the frog. The results obtained suggest that the excitability 
depression produced by the drugs used in this study is due to a specific 
diminution of the sodium conductivity in the electrically excited fibre 
membrane. Similar results have been found using the frog's skeletal 
muscle for pentobarbital, tribromoethanol, paraldehyde, chloralose, chloral 
hydrate and urethane (Thesleff, 1956); chloroform, urethane and ether 
(Yamaguchi, 1961); procaine (Inoue and Frank, 1962); ether (Inoue and 
Frank, 1965); ethyl alcohol (Inoue and Frank, 1967); and hexafluor- 
diethyl ether (Inoue et al., 1967). The same mechanism of action has been 
proposed for procaine-induced conduction block in the squid giant axon 
(Taylor, 1959; Shanes et al., 1959); and after applying tetrodotoxin, 
xylocaine and prochlorperazine to the large fibres of the sciatic nerve 
of the frog (Hille, 1966). Also the oral application of procaine (Frank 
and Sanders, 1963), and tetrodotoxin (Frank and Pinsky, 1966) has been 
shown to suppress the excitability of the isolated cerebral cortical 
slabs of the cat in situ by a similar mechanism of action. Thus there 


is a large body of evidence from many laboratories working on a variety 
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of tissues with a variety of techniques, showing that all general anes- 
thetics studied and many other central depressant drugs all block excit- 
ability by suppression of the increase in sodium conductivity which 
normally follows an adequate stimulus. 

The legitimate question that can be asked is whether the changes 
observed in the electrical properties of the skeletal muscle membrane in 
vitro, and the mechanism proposed, can be extrapolated to the known in 
vivo central depressant actions of the drugs used in the present series 
of experiments. Several years ago Thesleff (1956) suggested that the 
drugs capable of producing general central depression acted by a single 
fundamental mechanism of action at the cellular level both in the central 
nervous system and on peripheral excitable tissues. He further demon- 
strated that there was a positive correlation between the concentrations 
of the anesthetics (on a mg/ml basis) required to suppress sodium conduc- 
tance in the isolated muscle and the doses required to produce central 
nervous system depression (on a mg/g body weight basis) in the intact 
frog. Subsequent studies showed that both local and general anesthetics 
as well as Stat umentt al: depressant drugs had similar effects in intact 
white mice and on isolated slabs of cerebral cortex (Frank and Sanders, 
1963; Jhamandas, 1969). Hodgkin (1951) and Eccles (1953) have postulated 
that the excitation and impulse transmission in the central nervous system 
are caused by the same selective ionic conductances as has been observed 
in the nerve fibre (Hodgkin and Katz (1949); the skeletal muscle (Nastuk 


and Hodgkin, 1950); the heart muscle (Weidmann, 1955); and in the moto- 
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neurones (Coombs et al., 1955). The effects of a variety of central 
depressant agents have also been examined on all these tissues, and the 
results support the general opinion that the depression of excitability 
is due to a selective decrease in the active membrane permeability to 
sodium ions, the resting membrane potential however remaining essent- 
ially unaltered. In view of all these observations, it is highly prob- 
able that the hypnosis or the general depression of the central nervous 
System produced by all the drugs used in this investigation may involve 
a mechanism of action similar to that observed in the skeletal muscle 
fibres. 

The following discussion pertains to the observations made 
with GABA and iso-osmolar concentrations of sucrose. The depressant 
effect of hypertonic solutions on the mechanical activity of the 
skeletal muscle has been recognized since long (Steggarda, 1927; 
Howarth, 1957), however, the fibres exposed to hypertonic solutions 
are electrically excitable and can conduct action potentials (Hodgkin 
and Horowicz, 1957). Fujino and co-workers (1961) report that if the 
frog's skeletal muscle is immersed in a Ringer's solution made hyper- 
tonic with sucrose, both the rate of rise and the rate of fall of the 
action potentials are decreased. The results obtained in this study 
with hypertonic sucrose solutions are therefore consistent with the 
observations made by Fujino and his colleagues. 

Treatment with gamma-aminobutyric acid depressed the elect- 
rical excitability of the muscle fibres, as shown by the increase in 


the threshold current and the threshold depolarization necessary for 
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the production of action potentials. Results obtained by Sperelakis 
and Schneider (1968) indicate that the effective membrane resistance 
of the frog's sartorius muscle fibres is increased by hypertonic 
sucrose solution. Similar results were obtained in the present study 
with hypertonic Ringer's solution of sucrose and GABA. Increasing 
concentrations of GABA and iso-osmolar concentrations of sucrose also 
produced a progressive increase in the membrane time constant. The 
membrane resistance is inversely proportional to the conductance of 
the membrane which, in the resting state, is mainly due to the potas- 
sium permeability (Hodgkin, 1951). In the present experiments, hyper- 
tonic solutions of sucrose and GABA caused an increase in the effective 
membrane resistance as was shown by a counterclockwise rotation in the 
current-voltage relation curves. From these observations it may be 
inferred that the passive membrane conductance is decreased following 
the treatment with concentrated solutions of GABA and sucrose. 

Unlike other drugs, addition of excess sodium into the 
extracellular medium did not antagonize the effect of GABA, but rather 
produced a further depression in the rate of rise and the overshoot of 
the action potential. These observations indicate a lack of anesthetic 
effect of GABA on the frog's sartorius muscle. 

The results obtained in the present study revealed that all 
the effects of GABA on the electrical properties of the skeletal muscle 
membrane can easily be duplicated by using iso-osmolar concentrations 
of sucrose. These results therefore suggest that the GABA-induced 


depression of electrical excitability is most likely due to the hyper- 
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osmotic effect of the bathing solution on the fibre membrane. Although 
it is impossible to deduce from the present results a likely mode of 
action for the depressant effects of GABA as well as sucrose, it seems 
probable that the intimate mechanism of their action is different from 
the rest of the drugs reported in this study. 

Jhamandas (1969) found that GABA had no central nervous system 
depressant effect when injected intraperitoneally into mice, but had 
similar effects to anesthetics and general central nervous system dep- 
ressants on the cerebral cortex electrical activity when directly 
applied to the surface of the cortex. His results obviously mean, as 
previously shown (Curtis and Watkins, 1965), that GABA does not get past 
the blood-brain barrier. The results in the present study raise and 
provide proof for the even more interesting fact that when an anesthetic-— 

* 
like central nervous system depressant action for GABA can be shown, since 
GABA lacks an anesthetic-like effect on the skeletal muscle excitability 
it is probably producing its effects at synaptic sites. While the latter 


point is often assumed there is little proof for such a site of action. 
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CHAPTER VI. SUMMARY AND CONCLUSIONS 


1. The effects of a wide variety of central depressants 
(namely chlorpromazine, promethazine, diphenhydramine, scopolamine, 
meperidine, morphine, gamma-butyrolactone and gamma-hydroxybutyrate) 
on certain features of the active membrane related of sodium conduc- 
tivity in skeletal muscle were examined. Studies with extracellular 
electrodes showed that increasing concentrations of these drugs caused 
a progressive depression of both the amplitude of the compound action 
potential and the excitability of the muscle fibres. 

2. A slow and only partial recovery of the muscle fibres 
was noticed following the treatment with chlorpromazine, promethazine 
and diphenhydramine. However, with the rest of the drugs the depressed 
responses were reversed to the control level when the preparation was 
brought back to the normal Ringer's fluid. 

3. Intracellular recordings showed that the resting membrane 
potential remained essentially unchanged in the drug treated muscles. 

4, Diphenhydramine, promethazine (5 x jae g/ml), scopola- 
mine and gamma-hydroxybutyrate (15 x Nar g/ml) produced a counter- 
clockwise rotation of the current-voltage curves. Quantitative com- 
parisons of the effective membrane resistance and the membrane time 
constant indicated that such a rotation was most likely due to the 
increased effective membrane resistance at the point of stimulation 
between the inside and the outside of the fibre membrane. The passive 


membrane conductance remained unaltered after the treatment with 
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chlorpromazine, promethazine, morphine, meperidine, gamma- 
butyrolactone and low concentrations of gamma-hydroxybutyrate (5 and 
10 x 10> g/ml). 

5. The drug-treated muscles showed a suppression of the 
"local response', an increase in the threshold depolarization, and a 
slight decrease in the critical level of membrane potential. The 
threshold current required for the initiation of the action potential 
was increased by all the drugs used in this study. 

6. The maximum rate of rise and the overshoot of the action 
potential were decreased by all the drugs. Both these effects were 
antagonized by increasing the extracellular sodium concentration. 

7. The results obtained in this investigation suggest that 
a large variety of central depressant agents block electrical eee 
ability of the sartorius muscle of the frog by suppressing the specific 
increase of sodium conductivity which normally follows depolarization 
of the fibre membrane. It is suggested that the hypnosis or the 
general depression of the central nervous system produced by all the 
forementioned drugs involves a similar mechanism of action to that 
observed in skeletal muscle fibres. 

8. The lack of the anesthetic effect of gamma-aminobutyric 
acid on the frog's sartorius muscle was confirmed by using iso-osmolar 
concentrations of sucrose. It seems that the GABA-induced suppression 
of electrical excitability is due to the hyperosmotic effect of the 
bathing solutions on the fibre membrane. The observed decrease of 


sodium conductivity by GABA and sucrose in the active membrane may 
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involve some other mechanism of action than suggested for the rest 


of the drugs. 
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